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PREFACE TO CURRENT EDITION 
icc Ee 


In recent years the teaching curriculum of Physical Chemistry in many 
Pakistani Universities has been reconstructed with a great emphasis on a theoretical 
and conceptual methodology and the applications of the underlying basic concepts 
and principles. This shift in the emphasis, as we have observed, has unduly 
frightened the undergraduates and postgraduates whose performance in Physical 
Chemistry has been otherwise generally far from satisfactory. This poor performance 
is partly because of the non-availability of a comprehensive textbook which also lays 
adequate stress on the logical deduction and solution of numerical and related 
problems. Naturally, the students find themselves unduly constrained when they are 
forced to refer to various books to collect the necessary reading materials. It is 
primarily to help these students that we have ventured to present a textbook which 
provides a systematic and comprehensive coverage of the theory as well as of , 
illustration of the applications. 


The field of Physical Chemistry has now become so broad that it has invaded 
all the sciences. We have tried to write this book in such a way that it will be a useful 
introduction not only for the students who intend to become Physical Chemists but 
also for many other students who will find knowledge of Physical Chemistry essential 
in their careers. The text material of this book is based on the literature to which we 
were exposed initially while a student and later as a teacher. We have made every 
effort to write a text suitable for both undergraduates and postgraduates. We have 
been at some pains to include as much recent material as is feasible in a book at this 
level without making the book unreasonably long or difficult to follow. Our principal 
objective has been to present the fundamentals of the subject as clearly as possible. 


The students for which the book is intended are assumed to have a basic 
knowledge of chemistry, physics and calculus. The book is intended primarily for the 
conventional full year BS/postgraduate courses in Physical Chemistry. However, it 
covers more than can be included in one-year course; it may therefore be useful in 
more advanced courses and a general reference book.The book has been written in a 
simple and lucid style. As it is difficult to cite the sources of information at each 
appropriate place in the text, we have included a general Bibliography at the end of 
each chapter. It may however, be remarked that the Bibliography included here 
reflect only those references which the authors found useful and interesting. 


Finally we wish to record our thanks to Ch, Ahmad Najeeb for giving ope? 
aed to publish this book. Comments and suggestions from the readers will be 
thankfully acknowledged and incorporated in subsequent editions. 


September, 2019, Lahore AUTHORS 
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Chapter 6 


SURFACE CHEMISTRY 


INTRODUCTION 


Semen mevetiog ae aise, Tet chemistry which deals with the 
a fon chet t interlaces. The study of interfaces is of great 
significance mists because it finds applications in our daily life and industry. 
Mainly, surfaces play _ = important role in catalysis, colloid formation, 
chromatography etc. This chapter covers the fundamentals and applications of 
surface chemistry. Adsorption is the process of attachment of adsorbate molecules on 
the surface of adsorbent. This chapter explains the adsorption isotherms, adsorption 
of a gas and its catalytic reaction on solid surface. Adsorption of two gases and their 


catalytic reaction on solid surface and retardation process is also explained with the 
help of Langmuir adsorption isotherm. Eley-Rideal mechanism and Langmuir- 
Hinshelwood mechanisms to study some organic and inorganic reactions have been 
described 1n this chapter. Catalytic decomposition of ammonia is also described by 
the Tempkin adsorption isotherm in detail. The gas-solid interface is of great 
importance in catalysis. The curren 


t chapter also covers some basic physical aspects 
of catalysis, autocatalysis, enzyme catalysi 


s and enzyme inhibition. Moreover 
comparative analysis of competitive, uncompetitive and non-competitive enzyme 
inhibitions is also discussed in this chapter. 


6.1 


study 0 


6.2 ADSORPTION 

When molecules of a substance come in contact W 
molecules get attached on it, this process of attachment of molecules 1s named as 
adsorption. In other words, “attachment of particles of a substance on the surface of 
another substance 1s called adsorption.” Adsorbate and adsorbent are basic 


components which are necessary for adsorption. Adsorbate is the substance which 
and the substance on which adsorption takes place 


get attached to the other surface 
ished from absorption because in 


is called ad ‘on can be distinguls 
sorbent, Adsorplio hile in case of absorption, 


adsorption adsorbate molecules will attach at the surface W I 
body of adsorbent. So, the penetration of the 


molecules will penetrate into the t Per 
molecules of a substarce into the other substance is called absorption. 
: e then the process is 


When adsorption and a ace at same tim 
i tion. 
known as sorption. The dyeing n example of sorp 


ith any solid surface its 


bsorption takes pl 
of cotton fibers is a 


465 
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Types of Adsorption 


There are two types of adsorption i.e. physical and chemical adsorption, a 
distinguishing characteristics are given below 


Physical Adsorption Chemical Adsorption 


1 Physical adsorption occurs through Chemical adsorption occurs 
van-der Waal’s forces. So, it is also through chemical bondin 
known as physiosorption. known as chemisorption, 


8. It is algo 


2. Chemical adsorption is slow 
process. 


Physical adsorption is fast process. 


3. This is relatively weak adsorption. | 3. This is relatively strong adsorption 


4. It has high value of heat of 
adsorption. 


4. It has low value of heat of 
adsorption. 


5. Physical adsorption is mostly 


5. The process of chemisorption may 
exothermic process. 


be exothermic or endothermic. 
6. Itis highly specific. 


6. It is not specific. 


It depends only on the nature of 


It depends on the nature of 
adsorbate. 


adsorbate and adsorbent. 


8. Itis usually multilayered 


8. Itis monolayered adsorption 
adsorption | 


9. It decreases with rise of 


It increases with increase of 
temperature, 


temperature. 


. It is reversible process. 10. It may be irreversible or reversible 


process. 


11. Heat of adsorption is less than 40 
kJ/mol. 


12. For example, Adsorption of oxalic 
acid on charcoal. 


11. Heat of adsorption is greater than 
80 kJ/mol. 


12. For example, Hz adsorbed on 
Ni/Fe/Pt. 


6.3 FACTORS AFFECTING ADSORPTION 
(i) Nature of Adsorbate and Adsorbent 


Adsorption depends upon the nature of adsorbate and adsorbent. The various 
groups of adsorbate and adsorbent are responsible for adsorption. For example 
polarity of both can cause force of attraction between them. : 


(ii) Surface Area 


Surface area of the adsorbent has pronounced effect on the rate of adsorption. 
Adsorbent with greater surface to volume ratio possess greater extent of mua: 
and vice versa. If substance is divided and subdivided further then we get sma 


' : seg i e 
particles. This process will increase the surface area to volume ratio to a very laré 
extent, 
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(iii) Temperature 
Temperature affects the process of adsorption. For example in most cases 


chemical adsorption increases with the increase of temperature, while physical ° 
adsorption decreases with the increase of temperature 
( Pressure/Concentration 

anne eel exists between the adsorbed and desorbed 628 
ules during adsorption process. So, according to Le-Chatlier’s principle increase 


molec 
in pressure leads to higher rate of adsorption. When pressure is decreased it causes 
desorption. 
6.4 ADSORPTION ISOTHERMS 

bstance can be 


Adsorption of a substance on the surface of another su 
investigated under various conditions of temperature and pressure but in most | 
studies relation between extent of adsorption and equilibrium pressure has been 
explored. When a gas starts to adsorb on a surface, initially its rate of desorption 
depends upon number of molecules adsorbed. With the increase of number of 
molecules adsorbed, rate of desorption increases. “When rate of adsorption becomes 
equal to the rate of desorption this state is called dynamic equilibrium.” At dynamic 
equilibrium, the pressure is called equilibrium pressure. The process of adsorption 
and desorption in a close vessel is shown in Fig. 6.1 (a) at equilibrium. “The relation 
hetween extent of adsorption and equilibrium pressure at constant temperature is 


called adsorption isotherm.” 


6.4.1 Freundlich Adsorption Isotherm 
Freundlich gave an empirical relation between extent of adsorption and 


pressure of gas at constant temperature in the form of an empirical equation which is 


given below 


- ,pl/n 6.1) 


(b) 


p—-> 


on desorption equilibrium 


Fig. 6.1 (a) Adsorpti 
f a gas at constant temperature 


k (b) x/m as a function of pressure 0 
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Where, P is the equilibrium pressure and x/m is the extent of adsorption ; 
amount of adsorbate adsorbed per unit mass of adsorbent. k and n are empiri, . 
constants which depend upon the nature of gas, solid and temperature, n oo 
dimensionless quantity but k has dimension of inverse of Pressure, Accord, he 
equation (6.1) extent of adsorption is a function of equilibrium pressure of Bas 
shown in Fig. 6.1 (b). ag | 

Equation (6.1) can be written in the form of equation of straight line ag | 


x _1 
—=—logP+logk 
logs 7 08 4 (6.2) 
According to equation (6.2) log (x/m) is a linear function of logP whose slope 


and intercept are 1/n and log k respectively as shown in Fig. 6.2. This plot can b 
used for the determination of values of empirical constants n and k. J 


\ 
\ 7 
oe. 


a 
| / ah 
* 


‘“ 
we Multilayer 
/ 


~ 


log x/m 
Single layer 


log P ———__-» 


Fig. 6.2 Plot of log x/m versus log P with slight curvature at high pressure 


When value of 1/n approaches to zero, then x/m becomes independent of 
pressure and 1/n approaches to one then x/m becomes a linear function of pressure of 
gas as shown in Fig. 6.3. 


Freundlich adsorption isotherm for adsorption from solution to a solid surface 
can be written by replacing P with C in equation (6.1) as | 


X ch | 

= kc (6.3) 
By taking log of equation (6,3) 

ae 1 

of logk +—logC 


This equation can be used to study the adsorption of toxic material 0 


biosorbent in aqueous medium. Water purification can be done by suitable adsorbent 
i 
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| this equation. The value of n and k can be determined using plot as shown in 


ysit 
fig: 6.4. 


Pe 


Fig. 6.3 Plot of x/m as a function of pressure when n = 1 


log x/m 


| emailed 


Fig. 6.4 Plot of log x/m versus ;C 
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6.4.2 Langmuir’s Adsorption Isotherm 
Langmuir was an American physical chemist who worked on adeorpt; 
gases on solid surface. He also derived “adsorption isotherm” and got noble : 10n of 
chemistry in 1932. The postulates on which Langmuir’s adsorption isotherm aie in 
A8eq 


are given below. 


Postulates 

(i) Each adsorbent has specific equivalent sites for adsorption. 
(ii) Adsorbate molecule attach to these sites. 

(iii) One molecule of adsorbate can adsorb on one site of adsorbent. 


(iv) There is no interaction between molecules of adsorbate adsorbed, 


(v) Rate of adsorption is relatively 
high as compared to rate of 
desorption at initial stages. 

(vi) Rate of adsorption becomes equal 

to rate of desorption at dynamic 

equilibrium as shown in Fig. 6.5. 

} - Desorbed gas 
Fractional surface coverage (8), a — molecule 
new dimensionless quantity is 
equal to the ratio of number of - 
sites covered to total number of 


sites i.e. 
no. of sites occupied Adsorbed Bas 
= molecule 


total no. of sites 


(vii) 


Rate of adsorption depends upon 
the equilibrium pressure of gas Fig. 6.5 Dynamic equilibrium exists 


(adsorbate) and fraction of 

Scuttle wie eal wide «ol between gpa ser omy desorbed 

desorption depends upon the molecules 

fraction of sites covered. 
6.5 LANGMUIR ADSORPTION ISOTHERM FOR ADSORPTION OF 

SINGLE GAS SYSTEM 

Adsorption of a gas on solid surface is described by Langmuir adsorption 
isotherm which is a relation between fractional surface coverage and pressure of gas. 
The adsorption of a gas on solid surface may be non dissociative and dissociative. The 
Langmuir adsorption isotherm for both type of adsorption is described here. 


6.5.1 Langmuir Adsorption Isotherm for Non Dissociative Adsorption 
dsorbed as such without 


issociative adsorption 0 


(viii) 


The adsorption process during which gas molecules a 
any dissociation is called non dissociative adsorption. Non d 


hydrogen on a solid surface can be written as 


Hyena) Asis) 


Scanned with CamScanner 


www.pdfgrip.com 


Surface Chemistry _471 


Rate of adsorption of a gas is directly proportional to pressure and fraction of 
” occupied sites 1.e. 


Ry «P, (6.4) 

Ras, & (1-8) (6.5) 
On combining equation (6.4) and (6.5) 

Raas = Kaa, (1-8) P, (6.6) 


kads, is the rate constant for adsorption. 


According to Arrhenius equation keds is the function of temperature and can 


Eada 
be written ask,,, = b,e ¥* . Then equation (6.6) will become 


Eads 
Raa = be ** (1-6)P, (6.7) | 
Rate of desorption is directly proportional to fractional surface coverage i.e. 
Roce © 9 | 
Roes = Kpe.9 
Ede | 
k= bye *".0 (6.8) 


At dynamic equilibrium, rate of adsorption becomes equal to the rate of 
desorption. So, 


Rate = Roos 
By comparing equation (6.7) and (6.8) we get, 
be ®" (1-6)P, =b,e "6 


Eau Ende Eves 
; RTP — RT ™ RT 
be *'P,-be "OP, =b,e *" 0 


be ®'P, =b,e * OP, +b,e ™ 0 


Enew 


Eade Evie Dea 
be *P, = ole TP. +b * 


6 = 


Eee Eads - 
RT RT 
b,e +b" B, 


Evus 
Multiplying and dividing right hand side of equation byb,e ™* 
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9 - be Py/be 
Ew 


—_—* 

1g kT RTP 

i 2 
_9= b, Em Eau 

1+—e Te RTP, 


Sane 
— (6.9) 
l + (7+. RT PF, 
b, 
‘And, AH, = Eys;-- Epes (6.10) 


The quantity Eads-Epes is the heat of adsorption as shown in energy profile in 
Fig. 6.6. 


Putting value of (Eads— Epes) from equation (6.10) into equation (6.9), we get 


—g-_\b 


~ AH iy 
1+(B Je = FT) . 


2 


La ert =b 
b, 


So, above equation becomes 


g - Pa (6.11) 
1+bP, 


b is the adsorption coefficient which depends upon the nature of adsorbate 


and adsorbent, it is temperature dependent and its units are Pa’. 


Equation (6.11) is a relation between fractional surface coverage re 


pressure of gas. According to equation (6.11) 8 is a function of pressure of ie ; 
6.7 cives dependence of 6 on pressure. The value of @ increases with the increa 


a 
pressure of gas for small range of pressure and it becomes independent of pressure 
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.- yalue of pressure. At this stage, all sites are occupied by gas molecules, 


~ jg why further increase of pressure has no effect on extent of adsorption. 
tha 


Linear relation (@ « PA) 


Unadsorbed 
( reactants) 


Process coordinate ~————» PA ; 


Fig. 6.6 Energy profile of adsorption and Fig. 6.7 6 as a function of pressure of gas A 
desorption processes 


Special Cases 
(i) When Pa is low, then 1 + bPa~ 1. So, equation (6.11) will become 
b= bP, . 

Bax P, 
So, 0 is a linear function of Pa. 
When Pais high, then 1 + bPa~ bPa. Then, equation (6.11) becomes 

6=1 
So, fractional surface coverage is independent of available pressure. At this 


stage, adsorption or value only depends upon value of b. If weak adsorption 
occurs, then b has low value and if strong adsorption occurs, then value of b 


will be high. 
By taking inverse of equation (6.11) 


(ii) 


This is an equation of straight line with intercept 1 and slope 1/b. 
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Fig. 6.8 Plot of 1/6 versus 1/Pa 


Fig. 6.8 shows that 1/0 is directly proportional to 1/Pa. From the slope of this 
graph, value of b can be determined. : 


6.5.2 Langmuir Adsorption Isotherm for Dissociative Adsorption of a gas 
The adsorption process during which dissociation of gas molecules takes place 
is called dissociative adsorption and for dissociative adsorption rate of adsorption is 
directly proportional to pressure and square of fraction of vacant sites of adsorbent 
i.e. 
Raa  (1- 0)” 
Ry «P, 
On combining above both equations we get, 


Rass = Kaa, (1-8)° P, (6.12) 


Ente 
According to Arrhenius equation: k,,, = b,e ®" 


So, equation (6.12) becomes 
Ente 
Ry, =b,e * P, (1-0) 6.13) 
Rate of desorption is directly proportional to square of fractional surface 


‘coverage because two vacant sites are formed when a molecule of desorbed g48 
forined from adsorbed gas. It means it is second order reaction. Thus 


Scanned with CamScanner 


www.pdfgrip.com 


‘ Ss 
Re anitit urface Chemistry . 475 


D 
Rou = ky," | 
(6.14) 
According w Arrhenius equation: k,.. =b eon 
So, equation (6.14) wil] become 
Rag = bye Fg 
(6.15) 


Eads is the energy of -: : 
lvat : : . 
activation for desorption process. ain for adsorption while, Epes is the energy of 


At dynamic equilibrium rate : 
: , of ad 
desorption as given below sorption become equal to the rate of 


Raa, = Ro. 
Eade ' Eine 
be *" (1-0)'P, =b,e ® 6? 
Ese Ep. 
bie *T (1-9)P/? = bite at 9 
Eu Eau Des : 
bite tp _ phe zitgpy - pie attg 
ne Eve Eau 
be 2876+ b/2e *QP/2 = bite *Rt Pp? 


Eine a Bis 
o[ oko ote’ stn | «whe Hn 


EA 
be 2t p72 


@= 7 (6.16) 
byte 28T + bite 28 pi? , 
y, Eee 
Divide above equation numerator and denominator by b;’e **" 
Evie Eves) 
( b, if ent” ph ‘ 
g - \be (6.17) 


E nde Exes) 
1+ By ? eat” pl 
by 
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Nonlinear 


Energy 


Unadsorbed 
species “Allays 


Adsorbed species 


Process coordinate —___, Plz —_, 


Fig. 6.9 Energy profile of adsorption of a gas Fig. 6.10 Plot of @asa function of pi 


AHaas denotes enthalpy of adsorption according to Fig. 6.9. AHaas is equal to 
ATs, = Eis ~ Fics (6.18) 


Putting value of (EAd.— Epes) from equation (6.18) into equation (6.17) 


a le Z a _ (6.19) 
(P| e se Pp? 
% oan 
b, /* _-—* |, 
If, — 2kT =bh 
(E) 
Then equation (6.19) will become 
oy 
eS 6.20) 
1+b'P? 


According to above relation, fr 
pressure of gas A as given below 


0=£(P,) 


actional surface coverage is the function of 


Special Cases 
(i) When Pais low, then 1 +b ps ~] 


So, equation (6.20) becomes 
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9 =b'P? 
Ox pz 
rt means 0 is directly proportional to Pj? (Fig. 6.10). 


(ii) When Pa is high, then 1+ bP PZ . So, equation (6.20) becomes 
6=1 
[t means 0 is independent of pressure when Pa is high (Fig. 6.10). 


By taking inverse of equation (6.20) 


1_ sb 
Q@  p'Pe 

1 1 

—= +1 
@ pPe 


According to above equation 1/0 is a linear function of PZ whose slope 


equal to 1/b, and intercept qual to 1 as shown in Fig. 6.11. 

On comparison of equations (6.11) and (6.20) of non-dissociative and 
dissociative adsorption respectively, it is concluded that. 6 is more dependent on 
pressure_for non dissociative adsorption but 6 is less dependent on pressure for 


dissociative adsorption as shown in Fig. 6.12. 


| 
i 
1 


non-dissociative gas 


Dissociative gas 


| 


0 0 
mua—-—"* PA ————> 
Fig. 6.11 Plot of 1/6 versus 1/Pa!” with Fig. 6.12 Plot showing dependence of 8 
intercept 1 on Pa for dissociative and non- 
dissociative adsorption 
Limitations 


The Langmuir adsorption isotherm gives 4 quantitative explanation of the 
ical adsorption can also be explained with the 


adsorption. The mechanism of chem! Apion ; 
elp of Langmuir equation. The Langmuir adsorption isotherm gives a satisfactory 
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theoretical explanation of a large number of experimental results, But it aleo 
some limitations as Langmuir adsorption isotherm assumes that surface ig Capable ot - 
adsorbing one molecule thick layer. But in actual practice, there are chanceg 2 
multilayer formation. According to this theory, the saturation value of adgo tj “ 
should be independent of temperature. But experiments show that saturation valy, 
decreases with the rise of temperature. This theory holds good only at low Pressure : 


Example 6.1 


Adsorption of ozone on solid surface takes place according to followin 
scheme 8 


Ores) —— 0,,, + Oras) 
Write down Langmuir adsorption isotherm for the adsorption. 


Solution 


According to the reaction given above, ozone is dissociated into two species 
therefore Langmuir isotherm for the adsorption of ozone will be ; . 


7 b’PZ2 
1+b'Ps? 


Example 6.2 


Adsorption of ozone on solid surface takes place according to following 
scheme 


Os (ges) 30 445) 
Write down Langmuir isotherm for the adsorption of ozone. 


Solution 


Ozone is dissociated into three oxygen atoms as given in above equation, 
therefore Langmuir adsorption isotherm is: 


Bae, Oe 
1+b"PYs 


Comments: If a gas dissociates into greater number of atoms, then 
dependence of 0 on pressure of gas decreases. 


6.6 APPLICATION OF LANGMUIR ADSORPTION ISOTHERM FOR 
SINGLE SYSTEM 
The Langmuir adsorption isotherm for single system can be used for the 
determination of isosteric enthalpy of adsorption (AHe) and for the study of catalytic 
| ion of gas on solid surface py nn ne he 


reaction of ¢ + 
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6 petermination of Isosteric Enthalpy of Adsorption (AHo) 


the variation of pressure of a gas with temperature for a particular fractional 


coverage can be used to determine the enthalpy of adsorption called isosteric 


a of adsorption which is represented by AHo, 


We know that, 
_ bP, 
~ 1+bP, 


6(1+ bP, ) = bP, 
0+(bP, )0 = bP, 
@ = bP, (1-8) 


ett. 


(-6) 
By taking natural logarithm on both sides of above equation 


8 
In(bP, ) = in( ans 


As b = kaas/kpes, so b depends upon temperature because kads and kpes are 
dependent on temperature. Then, relation (6.21) will be 


InP, +Inb= in( 2 
1-6 


By differentiating above equation with respect to T at constant 6, we get 


dlnP, dlnb a 9) ' 
et 
Cm) Carmi) 29 
‘ 0 4) : . 
As 0 is constant so, —-| ln——~] =0. Then equation (6.22) will be, 
eT\ 1-6), 
| ee (22*) “i 
aT jy aT }, 
eo - (22°) (6.23) 
oT Jo aT jy } 
As we know that, 
AF = -RTInK (6.24) 


According to thermodynamics; AF = AH, - TAS . So, equation (6.24) will be 


AH, -TAS =-RT Inb 
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_ AH, , TAS 
Ind =- RT +r 
AS 
ee Pd 
RT R 


Differentiating the above equation with respect to T, we get 


(4 )--= 2 (T)+0 


ar R aT 
AH 
( a "| =e (6.25) 


Relation (6.25) is called Vant’s Hoff equation. By putting the value of 


ley, from equation (6.25) in equation (6.23), we get 


ar RT’ 
"AH, oT 
anak, = (6.26) 


_ Integrating equation (6.26), we get 


. AH, dT 
folnP, =- Rn Tr 
AH, 1 
InP, “i ae (6.27) 


Where, c is the constant of integration. So, equation (6.27) is an equation of . 
straight line in intercept form. The value of isosteric enthalpy of adsorption can be 
determined from the slope of the plot of In Pa as a function of 1/T at constant 6 as 
shown in Fig. 6.13. 


The value and sign of AHo depends upon the nature of interaction between 
adsorbate and adsorbent. For negative value of enthalpy of adsorption, variation of 
InP with 1/T is shown in Fig. 6.14, 


The value of AHo is an approximation. Langmuir isotherm does not give an 
exact value of AHe because all sites of adsorbent are not equal, so AHo for every site is 
different. Moreover occupied sites show hindrance for molecules of adsorbate to fill 
the vacant sites of adsorbent. 
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[nPA if AHo is negative 


if AHois positive IPA 


uJ tT ———> 


Fig. 6.18 Plot of In Pa versus 1/T when Fig. 6.14 Plotof In Pa versus 1/T when 
jsosteric enthalpy has positive value isosteric enthalpy has negative value 
Example 6.3 


The pressure required to saturate a particular surface was measured at two 
different temperatures as given below 


P= 250 Pa at 25 °C, Po= 350Pa at 50 °C. 
Calculate the isosteric enthalpy of adsorption. 


Solution 
At pressure Pi and temperature T: equation (6.27) will be 
=—* = + | (6.27a) 
= c . 
InP, RT, | 


At temperature Tz pressure is Pe then, equation (6.27) will be 


AH, 1 (6.27b) 
InP, =+ RT, +C 


Subtracting equation (6.27 a) from equation (6.27b), we get 


R 
ini Ate 2. 2) 
2 R J T, 
es) = AH, (7 4) 
PR R TT, 
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af Ty B 
AMs - na -T, I "P, 


By putting values in above equation from given data we can find the j 
enthalpy of adsorption as 


AH, = snag O(n 222) = -10.77kJmol” 


323 — 298 350 


6.6.2 Catalytic Reaction of Gas Adsorbed on Solid Surface 


The most important feature of 
Langmuir adsorption isotherm is its 
application to explain the catalytic 
reaction of a gas on_solid surface. 
Catalytic reaction of gas on metal 


surface involve following steps 
Desorbed gas 


(a) Diffusion of reactants towards molecule 


catalyst surface. 


(b) . Adsorption of reactants on solid 
surface. 


(c) Product formation on catalyst 
surface. 


~ (d) Desorption of product gas. 


(e) Diffusion of product gas into the 
reaction vessel from catalyst Fig. 6.15 Pictorial diagram of catalytic 
surface. This phenomenon is reaction of two gases on solid surface 
depicted by pictorial diagram as shown in Fig. 6.15. 


According to above steps scheme of catalytic reaction of gas A to generate gas 
B can be written as 


diffusion + adsorption 


Gk LAL... ast) » 
(gas) diffusion+desorption Ads : ast) 


k ; 
A r ) 
(Ads) slow. P(Ads) 
fast 
B ———} 
(Ads) “fona) 
Where, kris the heterogeneous rate constant. 


Rate of reaction is directly proportional to fractional surface coverage of 
adsorbed gas A. 


Rate of reaction « 6, 
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re 
(6.28) 


Rate = k,9, 


According to Langmuir adsorption isotherm for non dissociative adsorption, 


9 _PPa_ go equation (6.28) will b 
we know A 1+bP, - ——— 


bP 
Rate =k. = A 
r 1+bP, (6.29) 


dsorbed on 


Nature of gas, whether it is strongly, moderately or weakly a 
kinetics of 


catalyst surface, highly affects kinetics of catalytic reactions. Thus 
catalytic reaction can be discussed in two separate cases as given below 


(i) When Reactant Gas is Weakly Adsorbed 
If gas is weakly adsorbed it means b is very low. So. 1+ bP, ~1 put this value 
" in equation (6.29) we get, | 


Rate =k bP, (6.30) 


Rate « P, 


Hence, reaction is of first order, if b is very low. 


<a = Rate of consumption of gas A 
So, equation (6.30) can be written in terms of rate of consumption of gas A 
_oPs - k bP, (6.31) 
dt 
By separating variables and integrating equation (6.31) we get, 
_ (tes kb fat (6.32) 
P, | 
(6.33) 


-InP, =k,bt+c 
Applying boundary conditions, when t = 0 then Pa = Pi. Physically, it is said 
that when reaction just starts then pressure has its maximum value equal to initial 
pressure of gas. 
So, -InP. =c, by putting value ofcine 
-InP, =k,bt -InP, 
-InP, +InP, =k,bt 


Inst = k bt (6.34) 


A 


quation (6.33) we get, 


s follows 


Results concluded from equation (6.34) are @ . 
jon passing through origin. 


ft) Equation (6.34) is straight line equat 
———==<=oo — = 
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(ii) Plot of In Pi/Pa versus t as shown in Fig. 6.16. 

(iii) | The value of kr can be determined from slope i.e. 

Slope = k.b 

= slope 
b 


(iv) Expression of half life of gas 
A can be derived as 


t = tin at Pa = Pi/2 


InP/Pa slope = kb 


Applying this condition to 
equation (6.34), we get 


t' ——— ig 


k bt., <In2 Fig. 6.16 In Pi/Pa as a function of time 


(6.35) 


Results can be drawn from equation (6.35) as follows: tio is function of b tin 
1s inversely proportional to b and it is independent of Pa. With change in 
temperature, k; and b changes which in turn causes a change in ty, 


(v) Units of kr can be determined as 
1. P 
k, =—In— 
a aia Pp. 

k. =Pa/s 
(vi) The pressure of Bas as a function of time can be expressed as 

PB = pkrbt 

P, 

Pa =e k, bt 

P, = Pet (6.36) 


According to equation (6.36), value of Pa decreases with dena of time 
exponentially as shown in F ig. 6.17. 
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pA logPa 


—_———— 


0 {o_O 
if 
Plot of pressure of gas A versus Fig. 6.18 Plot of log Pa versus t 


Fig. 6.17 
t in exponential form ~ 


By converting natural logarithm into common log of equation (6.34), we get 


(vii) 


2.303 log =k bt 


P, 
| joe Fe = Heb 
Bp, 2.303 


log P, - log P, = (0) 


| kb 
| loeP, -logP. =| --< |t 
| slant (#5 


| k.b 
logP, =logP, -| =~, |* 
og A og 1 (Aa) F 
This is an equation intercept and having negative slope 
as shown in Fig. 6.18. The slope of the plot can be used to determine the value of kr 


and intercept can be used to determine the value of initial pressure. 


of straight line with’ 


Relation between Homogenous and Heterogeneous Rate Constants 


The kinetic rate equation for homogeneous 1* order reaction is 


(6.37) 


y 
In—=kt 
P, 
‘ This is the rate law or kinetic rate equation for homogeneous 1*' order 
action, 


The kinetic rate equation for heterogeneous 1st or..er reaction 31* 
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P 
ln P. =k bt (6.38) | 
| 
By comparing equation (6.37) and (6.38), we get | 
k =k,b (6.39) | 


Relation between (Ea)w.a and Er 


According to Arrhenius equation, we know \! 
E, | 
k = Ae itt (6.40) 
Taking natural log of above equation, 
Ei (1 | 
Ink = -—| — |+In 6. 
nk = (=) + In(A) (6.41) 
Differentiating equation (6.41) with respect to 1/T 
a1, Pate a)" 
dp 
dink E, 
lL OR 
. d- , R 
, dink 
E, =-R ; (6.42) 
d : . 
T . 
As k=k,b and if we put this value of k in equation (6.42), then E, become | 
(En)w.n | 
( 
(E,),, = rd — | 
dln | 
d 
(E,),, = -R—(Ink,b) . “. 
’ d 1 , | 
T ws | 
. d | 
(E,),,, =-R—(Ink, +Inb) .... (6.43) | 
d lf ays | 


. . . » E, ; 
According to Arrhenius equation, k, = A,e “HT 


K, . a 
So, (E,),.. = rina @ it cin! i le RT 
— dd Lal " \b, ) ) 
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(E, aa =-R i fina, ~eg (Fe) “a 


d 1 RT b, RT 
(),, 2-Ri—Sona, Ee] ¢ 1], 4 by Ae dD 
- hin R|jiT) ay b R gl T 
T T T 
(E,) ws R ne oa | 
mn 
(E,),, = R{ eet 4A | 
L R | 
(E, - = E, + AH,., (6.44) i 
i 
| 
Transition state | 


— 


Energy 


= 


23 Lia Rtn Wier ert reer are SS 


AH Ads 


Adsorbed 


Adsorbed product gas 
reactant gas 


HW 

O ; F | 

Reaction coordinate —————* | 

Fig. 6.19 Energy profile showing relative energy of weakly adsorbed gas | 
a 

, 4 


(ii) When Gas is Strongly Adsorbed 


If gas is strongly adsorbed it means that b is very large so, 


Swtpecoe — ++ 
are 


% 

1+bP, = bP, | (6.45) i, 

As we know. | 
bP 616) 4 

Rate =k A (6.16) iM 

ate ‘To bP, ‘4 

jad 
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Applying approximation to equation (6,46) from equation (6.45), we 
Rate =k, 


get 
(6.47) 
It means that order of reaction is zero. 
Rate can be expressed in terms of rate of decrease in pressure of gas A le 
dP, ~ 
“Be (6.48 
dt ) 


Equation (6.48) is differential equation which can be showed by Separatin 
variables as ° 


- faP, =k,. fat 
-P, =k. t+e (6.49) 
Applying boundary conditions, when t = 0 then P, = Pi 
Put these values in equation (6.49), we get 
Pixk,(O) xe | 
| 
c= ~-P. 
By putting the value of c in equation 6.49, we get | 
-P, =k,t-P 
P-P,=kt (6.50) | 
Equation (6.50) is rate equation for heterogeneous reaction when gas is 
strongly adsorbed. 


{-——+. 1@) 


———— 
Fig. 6.20 Plot of Pi-Pa asa function of time Fig. 6.21 Plot of P, versus t with 


intercept and negative slope value 
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gults concluded from equation (6.50) are as follows 
e 


Equation 6.50 is straight line equation passing through origin. 
Plot of In (Pi - Pa) versus t as shown in Fig. 6.20. 


The value of kr can be determined from the slope of the plot as shown in Fig. 
6.20. 


slope = k, 

The half life period of gas A can be expressed as: 
t= tie at Pa = Pi/2 

Applying this condition to equation (6.50) 


PP =k,ty 
Bo = k,t, 
2 y 
F. 
ty. = ak. (6.51) 


Results can be drawn from equation (6.51) as follows: tiz is not a function of 
b, tz is a function of Pi and tiz is a function of temperature because kr is a 
function of temperature. 


Rearranging equation (6.50), we get 
P, ~ P = -k,t 
P, =P -k,t (6.52) 


Equation (6.52) is an equation of straight line in intercept form with slope 
equal to -k, and intercept equal to Pi as shown in Fig. 6.21. 


Relation between Homogenous and Heterogeneous Rate Constants 


The kinetic rate equation for homogeneous zero order reaction is given as 


P -P, =kt (6.53) 
The kinetic rate equation for heterogeneous zero order reaction is 

Pm Py Kt (6.54) 
By comparing equations (6.53) and (6.54) we get, 

k=k, (6.55) 


Relation between (Ea)s.2 and Er 


According to Arrhénius equation, 


_E, / 
k=Ae ‘#T 
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Taking natural logarithm of above equation, 


Ink = F(z }+i 


Differentiating above equation with respect to 1/T 
dink E, d ( l 
= + 


13? ] > 
din Rdla T 
dink __£, 

i, 


d 
E, = -R——(Ink) (6.56) 
dl, 


As k=k, and if we put this value of k in equation (6.56), then E, 
(Ea)s. 
d 
(E, ).. =-R——(in k,) 
d lY 


(6.57) 
7T 


E, 
According to Arrhenius equation, k =A,e ®t 


become | 
By putting value of k; in equation (6.57), we get | 
| 


E 
(E,),. aera —e J 
dy | 
(E,).. =-Roy-[Ina, - Ee) | 
d op | 
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(ii) When Gas is Moderately Adsorbed 

When gas is moderately adsorbed the order of reaction will be in between of 
jero and I" order of reaction. It can be 0.1, 0.2, 0.3 ...0.9. 
6.7 LANGMUIR ADSORPTION ISOTHERM FOR DOUBLE SYSTEM 


Some adsorbents have an ability to adsorb more than one gas. Langmuir 
adsorption isotherm for simultaneous adsorption of two gases on an adsorbent can be 
derived on the basis of same postulates as given in section 6.5.2. in such system, 
extent of adsorption of a gas is affected by the 
presence of another Ras, For example we have two 
gases A and B in a container which are going to be 
adsorbed on a single adsorbent as shown in Fig. 
6.22. At any stage of adsorption, 


Gas B 


0\= Fractional surface covered by gas A Gas A 
On = Fractional surface covered by gas B 
(1-0,- Ou) = Fraction of available sites 


Rate of adsorption of gas A is proportional 
to Pa and 1-0-On 


Rau. a Py 
Ra (I -O, =6,) 


Combining above relations, Fic Bah Phd Thapenmacil 
R, 7 POO, -9,) adsorption of two gases on 
solid surface 
Re, -k,PY(1-0, - Oy) + (6.59) 


Rp of gas A is proportional to fractional surface coverage of gas A. 


Rye 4 9s 


R.  =k,O, (6.60) 


At equilibrium, rate of adsorption becomes equal to rate of desorption of gas 
A as given helow 

Ry = Raw 

k,P, (1-0, -%) = k..0, 
gas B is directly proportional to pre<sure of gas B 


(6.61) 


The rate of adsorption of 
and fraction of aviujable sites. 


Raw P, 


Ran £(1-0, -0,) 
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Combining above relations, 7 


Rate « P, (1-0, -9,) 


Raa = kyPy (1-9, - 05) (6.62) } 


The rate of desorption of gas B is proportional to fractional surface coy, 
of gas B. erage | 


Ry. © Og 

Row =k, (6.63) 
At equilibrium, 

Rais = Ross 

k,P, (1-6, -6,)=k,9, (6.64) 


k,0, = k,P, -k,P,0, ~k,P,6, 
k,6, + k, PG, = k,P., -k,P,6, 
0, (k, - k,P; ) =k,P, - k,F,0, 


_ ksP, (1-6) 


k, +k,P, (6.65) 


05 


By putting value of 63 from equation (6.65) into equation (6.61), we get 


_k,P, (1-8,) 
=k,P,|1-6, -—*-84 “al 
k,0, k, | A k, +k,P, | 


ee k, +k,P, (1) -(k, +k,P,)6, ~k,P, (1)+k,P, (8, ) 
—..—t(“‘( kh 
k.0, =k.p, | Ret Seto —Ki8y + KaPaGy - bebe - koPaOy 
2VA 1*A _ i. 
k, -k,0 

k.0 =k P, | —t—_2 A. 

~~ ‘Fea 
KO, —k,P, k, (1-6) 

" k, +k,P, 


k,0, (ky +k,P,) = k,k,P, (1-8,) 
k,0, (k, +k,P,) =k,k,P, —k,k,P,0, 


_k,6, (k, +k,P,)+k,k,P,6, =k,k,P, 
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0, {k, (kk, + k Py) + kk ,P,} =k,k,P, 


on! 
k, (k, + k,P. ) + k,k,P, 
A= — KK Ph (6.66) 
kk, +k,k,P, + k,k,P, 
Divide numerator and denominator by kek,, we get 
Fup: 
Bi, -——e : (6.67) 
14+—2P 4-1 
a 
k, 
a = Adsorption coefficient for gas A 
2 
k : . 
= = b =Adsorption coefficient for gas B 
*4 
So, equation (6.67) becomes 
as (6.68) 


Os ~ 1+aP, +bP, 


By putting value of Qa in equation (6.65) from equation (6.68), we get 


g __ksPa | 
Bk, +k,P, 1+aP, + bP, 


k,P, | 


ate k, +k,P, 1+aP, +bP, 


ar « k,P, 12h] (6.69) 
0 = +K,P, [1 +aPy + bP, 


Divide numerator and denominator of equation (6.69) by ks 


“ke 1+bP, | 
i. eet | 
. ky | KaPs 1+aP, + bP, 
k, ky 
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k. 

As we know, —! = b. So 
k 
4 


| 1+ bP, 


. ~ T+ bP, 1+aP, + bP, 


bP 
9. = B 
®  T+aP, +bP, (6.70) 


Equation (6.68) and (6.70) can be used to find 0, and On. 


According to equation (6.68) and (6.70) adsorption of gas A and B depend 
upon the adsorption coefficients of gas A and B, and on the pressure of gas A and B : 
‘= 1. By putting 


When both gases are weakly adsorbed then, 1 + bPs + aP 
this in equation (6.68) . 
0, =aP, 


(1) 


6, «<P, | 


By putting above approximation in equation (6.70), we get 
6,, = bP, 
6, < P, 
It means that when both gases are weakly adsorbed then adsorption of one 


gas is not affected by the other. 
When gas A is strongly adsorbed then, 1 + bPs + aP\ = aPs. By putting this 


(11) 
approximation in equation (6.68), we get 


6, =1= Constant 


Similarly by putting this approximation in equation (6.70), we get 


_ bPy 
1 > 
aP, 
0, % rn 
P, 
So, when gas is strongly adsorbed than the other gas, then all surface “a 
is covered by strongly adsorbed gas which will retard the adsorption of the 


other gas. 
If both gases are strongly adsorbed then, 1 + bPp + aPa * aPat bPs. By 


putting in equation (6.68) 
aP, 
6, = 
aP, +bP, 


(il) 
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By putting above approximation in equation (6.70), we get 
0, — _ bP, 
aP, + bP, 


So, when both gases ar 
' ses are strongly adsorbed t ‘on of gas is 
strongly affected by the presence of the i extent of adsorption O! 8 


5. CATALYTIC REACTION OF TWO GASES ON SOLID SURFACE 


Generally following s 
solid surface. g steps are involved in catalytic reaction of two gases on 


(i) Diffusion of reactant towards solid surface 

(ii) Adsorption of reactant on solid surface 

(iii) Product formation after interaction of reactants 
(iv) Desorption of product 

(v) Diffusion of product towards gas phase 


. I reaction of two gases on a solid surface can take place by one of the 
following mec anisms: Langmuir Hinshelwood mechanism or Eiley-Rideal 
mechanism 


+ 6.8.1 Langmuir-Hinshelwood Mechanism 
Langmuir Hinshelwood mechanism involves the following steps 
(i) Diffusion of reactant gases towards solid surface of catalyst. 
(i1) Interaction of adsorbed reactant gases on catalyst surface. 


(iii) Product formed after interaction of reactants. 


(iv) Desorption of product occurs, which is followed by diffusion of product 


towards gas phase. 
Steps of Langmuir Hinshelwood Mechanism in the Form of Chemical 
Equations 
R 


Vi Vy 
A renit &n Ay ade 


tee Ve 


Bow) — Bia) 


k 
ante, +D 
Avaas) + Beads) C, Ads? (Ads? 


— 
C. sae) + Dace) Osun © Di pas! 
shelwood mechanism, the rate of reaction Is 


A ‘ t _— muir Hin ‘ 
ccording to 8 A and Bie. 


proportional to fraction of surface covered by 


Rate of reaction © Ba 


(6.71) 
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Rate of reaction Oz (6.72) 
Combining equation (6.71) and (6.72), we get 

Rate of reaction = k:Oa0p | (6.73) 
From equation (6.68) and (6.70) by putting values of 0, and 6, ; 

(6.73) . A oth iat 
a =k _LaPa)(OPp) 
"  *(L+aP, +bP,) 
abP, P, 
— (1+aP, +bP, . a 


Equation (6.74) is the rate expression for the catalytic reaction of two gage 
on solid following Langmuir-Hinshelwood mechanism. , 


Depending upon value of adsorption coefficients of gas A and B, followin 
approximations are concluded : 


(i) When both gases are weakly adsorbed then, 1+aP, +bP, ~1by putting this 
approximation in equation (6.74), we get 
R.., = k,abP, P, 


R... = S A P B 
It is the equation for second order reaction. 
(ii) | When gas A is strongly adsorbed then, 1+aP, + bP, =aP,. Putting this 


approximation in equation (6.74), we get 


Ry, =k, (ab) 28, 
(aP, ) 
(ab) P,P 
R - k A~B 
rex r a’ FP? 
Rye =k, ot 
a P, 


So, overall order of reaction is zero because order of reaction with respect toA 
is -1 while order of reaction with respect to B is 1. 


: ; , 2g: is 

The increase in pressure of gas A will decrease the rate of reaction when A is 

strongly adsorbed. This reduction in rate of reaction is known as — 4 

reactants”. Retardation is not only caused by strong adsorption of one reactan : 

high pressure of one of the reactant gases can also cause retardation. F phase 8 
ig ; ua 

constant value of Px, rate of reaction increases with the increase of Pa up f reactio® 


value. But further increase in pressure of gas A causes reduction in rate 0 


i.e. 
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If Px = constant and Py = variable then 
(i When Pais very low then, 1 +aP, + bP, x 1+bP, equation (6.74) will be 
= ADP Ps _ 
"(1+ bP, )’ 


rex 


So, rate of reaction increases with Pa within low range value of Pa 
(ii) When Pa is very high then, 1+aP, + bP, = aP, the equation (6.74) will be 
R,, =k, (ab) Para 
(aP, y | 
bP | 
KR. =k Be (Retardation by reactants) 
A 


So, rate of reaction decreases ‘with high value of Pa. 


The value of Pa for which rate of reaction is maximum is called Patmaw. After 
Parmaxy retardation by reactant starts as shown in Fig. 6.23. 


[Rate] i ee Retardation by 
reactant pas-A 


PA = high 


Rate 


Pa = low 


PA———— 


Fig. 6.23 Plot of rate of reaction versus pressure of gas A 


Differentiating equation (6.74) with respect to “Pa” 


d[Rate] d 4 | 
dP, = k abP, dP, F ry aP, + bP, y 
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d[Rate] _ d . 
e =k,i abPu pL? (1+aP, +bP,) “| 


By applying product rule, 


4 P 2 
oe (1+aP, +bP, | 


d[Rate] 
—_—_——_—— = k abP, dP, dP, 


dP, 


d[Rate] | ; ea 
~aP, = ab | (-2)(1+aP, + bP, ) aP, (1+aP, +bP,)+(1+aP, + bP, ) i) 


d[Rate] -2P, | d am, af, ae 
- = k abP, | ————*——_| —_(1) + a—* + b—* |+(1+aP, + bP 
dP, ine + bP, )' ap, 1)**ap, *? ap, 2) 


The derivative of constant is zero. Hence, above equation become 


‘d : 2: ; 
ail rags Ms 
dP, (l+aP,+bP,) (1+aP, + bP,) 
At [Rate] max, the slope of graph is zero and Px = Pune 
ean axl ] 
0 = k -abP,, | —— See) Wee Ee + - ore | (6.75) 
(1 ot AP staan) + bP, ) (1 + aP A‘max? * bP, ) il 


Equation (6.75) is a product of two quantities which is equal to zero. One 
quantity on L.H.S must be zero, constant krabPx cant be zero. So, 
1 2al 


. 2 
= A(max) 
3 


23) 
| oom +bP3) (1+ aP xia + DP) | 


2aP sisi . 1 
(1 * OP ai + bP, )’ (1 ¥ BP iss + bP, ) 


+bP. 3 
2aP Allman? ad ee Aina * ) 
(1+ tinea + bP, y 

P stmaxs =(1 t AP imax) + bP,) 
28 Pinas) > OP cass =1+ bP. 
a =1+ bP, 

Ls 6.76) 

Pon en (6 4 


ra 
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ation (6.76), we can calculate the value of pressure of gas A at 


equ 
in cof veaction i js maximum. The retardation caused by high pressure of gas A 
gic ignificant, %age decline in rate of reaction from Patou to 2P vunax) is only 
| 0 mu ich co proved mathematically as 
is y,. It {ca an 
ji.) 
pReaction at Pa = Paimax) 
0 
pate 
P 
— t Almax)* 
Rate] =Pu ) ~ kab we ee (6.77) 
[ Py nian (1 + OP a. + bP, y | 


putting value of Pa (max) from equation (6.76) into equation (6.77), we get 


i BP, \P, 


[Rate], = kab — | 
ee Is cn Gea |: bP. 
eee 
[ bP, )P 
[Rate] ie 84 a 
Penina.. "a | (1+bP,) +bP,) 
7 (1 zs eal 
[Rate], ae (2+ 2bP,) ard 
_k,b (1 + bP, (1+ bP )Pa 
[Rate], ne 4 (1 + “4 “(14 bP,y 
a 7 | (6.78) 
[Rate], , ra i (1+ bP.) | 


Rate of Reaction at Pa = 2P (maw 


OP wth | (6 79) 
> sean .o , 
[Rate be OP vas a F ‘ AIP ci sass + bl 


quation (6.76) into equation (6.79), we 


2f - ae P 
a 


[Rate]... = k,ab awe 


\ 
Ial - “BP, | 
[1+ 2a) - i "| 


get 
Putting value of Pa mas) from e 


(= bP ey | 
[Rate], 2P, = 2k, | (1 + 2(1+ bP,)+ +bP,) | 


tens 
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(1 + bP, )P, 
Rate}; up, = 2k,b|-—— + 
[ a e],, 22 iat F +2+2bP, + bP, ) 


1+ bP, )P 
[Rate], ,. wf ORE 


(3+3bP,) 


P 
[Rate], 4, == 8 (6.80) 


Percentage of rate at Pa = 2Pa (max) 


Rate}, . 
[Rate aru x 100 (6.81) 


0 = 
%age Rate [Rate], 


Substituting values of [Rate], on and [Rate], , 


2 k,b(Py) 
9(1+bP, 
%age Rate = : ‘ : = u) x 100 
SURE Bi, 
4 ; +bP, 
2 
%age Rate = 9 100 
4 
%age Rate = — x100 
%age Rate == x100 
%age Rate = 88.9% A 


%age decline in rate = 100—88.9= 11.1% of maximum rate 


“The decline in rate is difference or reduction in rate when pressure changes 
from Pa = Pa(max)to Pa = 2P4(man” as shown in Fig. 6.24. 
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[Rate] max 


Sg 11.1% of 
Ne] Rate(max) 


Rate 


| 2PA (max) 


Fig. 6.24 Rate of reaction as a function of Pa showing decline rate at 2P atmax) 


Example 6.4 


A catalytic reaction following Langmuir Hinshelwood mechanism was carried 
out in a container containing solid catal 


yst at a constant pressure of gas B equal to 
200 Pa. The values of adsorption coefficients of gas A and B are 0.2 and 0.35 Pa:! 
respectively. Calculate the value of Pa, at which the rate of reaction is maximum. 


Solution 


The value of Pa at which the rate of reaction is maximum i.e. Paimax), can be 
calculated using equation (6.76), according to which 


1+ bP, 


a 


1 +(0.35)(200) 
0.2 


. P, 


(max) = 


r 


A(max) = 


= 355Pa 


a 


6.8.2 Eiley-Rideal Mechanism 


Eiley-Rideal mechanism involves the following steps 
(i) 
(ii) 


| 
One reactant get adsorb on surface of catalyst. 


Second reactant doesn’t adsorb on catalyst surface. Instead it interact with 
adsorb reactant. In E-R mechanism, 


both reactants adsorb on catalyst 
surface. This is different from Langmuir-Hinshelwood mechanism. In L-H | 
mechanism both reactants adsorb on catalyst surface, | 


After interaction products are form 
reaction vessel after desorption, 


However, 
“urface in E-R me 


(iii) ed. Later adsorbed product diffuses into | 


product can remain in gaseous state 


:d doesn’t adsorb on catalyst 
chanism. . 
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Scheme of Eiley-Rideal (E-R) Mechanism 


Reactant gases A and B are going to be converted into products C and p 
following mechanism according to E-R mechanism. by 


A (gee) — Av ade) 


Acade) i Beas) _— Crees 


,+D 


(gas) 


— 


_ According to E-R mechanism, rate of reaction is directly proportional to 
fraction of the surface covered by gas A and pressure of gas B, because adsorbed 
molecules of gas A interact with gaseous B to form product i.e. 


Rate of reaction « 6, 


Rate of reaction « P, 


Hence, ‘ 
Rate of reaction = k,6,P, (6.82) | 


Rate of reaction is independent of Pa, as 0a depends upon Pa. For double 
system, we have 


9 aP, | 
A aA TET 

1+aP, +bP, 
Then equation (6.82) will be | 
aP’,P, | | 


Rate = k, ——+~4+—. 
.  1+aP, +bP, 


(6.83) 


This is a rate law expression for the catalytic reaction of two gases on solid 
surface following E-R mechanism. Since, B is not an adsorbing specie so, b = 0 then, 


1+aP, +bP, =1+aP, | 
So, equation (6.83) will be, | 


Rate my eae 
1+aP, . | 
aP, | 
Rate = k A_ |P. 6.84 | 
=e {=| y (sae 


Terms in bracket is related to gas A, it has factor aPa which can increase 
decrease rate of reaction. We reach at following results 


(i) When the partial pressure of gas A is very low then, 1+aP, ~1. So, equation 
(6.84) will be, 


Rate = k aP,P, 


If partial pressure of gas A is low, then reaction will be 2"¢ order reaction. 
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When pressure of gas A is very high then, 1+aP, aP, . So, equation (6.84) 


(ii) 


Rate =k, 2PaPs 
| > =P, 
Rate =k, P, 


Above equation shows, when P, is very high, then reaction will be 1* order. It 


also shows that, when Pa is very high th Sree 3 
eeuaiooliadate nadine gas 4. gh then rate of reaction is independent of 


6.9 CATALYTIC INORGANIC REACTIONS 
6.9.1 Catalytic Oxidation of Carbon Monoxide (CO) 


Carbon monoxide can be converted into carbon dioxide by heterogeneous 
catalysis 1.€. 


Pp , 
CO (eas) - Or gas) “a ? COs cas) 


Important features of reaction are as follows 


It is a heterogenous catalytic reaction because catalyst is in solid form 
and reactants are in gaseous phase. It is a simple reaction and can be considered as 
an example of double system. In this case both reactants are diatomic molecules. One 
reactant is a homonuclear i.e. Oz having non polar nature while, CO is heteronuclear 
as having two different atoms having slightly polar nature. CO is strongly adsorbed 
on platinum surface because it is m acceptor ligand and has polar nature. O: is 
weakly adsorbed as it is non polar and has no n acceptor ligand ability. So, it can't 
easily form strong bond with catalyst, e.g. Pt, Pd ete. ~ 


The experimental rate law computed by earlier studies is 


P. 
Rate « —2 
co 


According to Langmuir Hinshelwood mechanism, the reaction scheme can be 
written as 


CO a8) a CO Ase) 


Oa (ens —— On(Ads) 


k 
0, Ads) + CO, Ads) —4 COx Aas) 


COs 46) —2 COxiDee) 
Rees me Qo, 
Rix © Ooo 
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By combining equations (6.85) and (6.86) 
Rix © Qo, Qco 


R.. = k,6,, 960 (6.87) 


Putting values of 05, and 0,, in equation (6.87), 


(aPo, )(bPco) 


R= k, ; 
(1 +aPo + bPoo) 


rex 


! (6.88) 


As CO is strongly adsorbed, so b >>>> a. Then 1+aP,, +bP,, =bP.,. B 
By | 


putting this approximation in equation (6.88), we get 
abPo, Poo 
rex = r a 
(bP oo) 


P 
We 2) 
rex r a( Fe 
As kr and a/b are constants. So, 


PB. 
Rate « — 
Poo 


Hence rate of formation of CO: is first order with respect to P,, and negative 


first order with respect to P,, . So it is a zero order reaction. 


6.9.2 Catalytic Decomposition of Ammonia (NHs) 


Ammonia is commercially produced by Haber’s process which is a catalytic 
process. Its synthesis reaction is reversible. Nitrogen gas (Nz) and hydrogen gas (H:) _ 
are produced o decomposition of ammonia. 


3H 


Catalyst 
N 


2NH 4/20) ———— ** 2(gas) * 2(gas) 


Important features of reaction are as follows 


It is a catalytic reaction which is an example of heterogeneous catalysis 
because catalyst is in solid state and reactant is in gaseous state. Catalyst used 1” 
this reaction may be Pt, Pd, and Fe. But Pt and Pd are expensive, so Fe is used? 
industrial scale. It is a reversible process, so catalyst increases rate of formation as 
well as rate of decomposition of NHs. 

It is experimentally proved that the rate of decomposition of ammoma ‘ 
directly related to pressure of ammonia and inversely proportional to pressure 
hydrogen by the expression give below. ; 


Rate of decomposition of NH3 Fi, (6.89) 


H, 
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One of the suggested mechanisms for catalytic decomposition of NH3 on the 


iron fo) st aaa eave ill of hydrogen atom from NHs molecule. The 
i the 


echemé Fe 
NH g(a) —— NH a4) 
NH 504) ——* NH 445) + Fade) 


NH 9 aa) <— NE) + Fade) 
NH, sac) ——— Nc aaey + Fade) 


slow 
2N ade) ——— Naas) (Rate determining step) 


fast 
2H, Ade) <———— 


Desorption of nitrogen is rate determining step. So, rate of decomposition of 
ammonia depends upon this step. 


Tempkin Adsorption Isotherm for Decomposition of NH3 


Tempkin gave an adsorption isotherm to explain the adsorption-desorption of 
nitrogen on iron surface. According to this isotherm, rate of adsorption and 
desorption are exponentially related to fractional surface coverage. 


Raas © Py, 


1 
Rade © es 


Where, “g” is a roughness factor which indicates heterogeneity of surface of 
adsorbent and related to activation energy of adsorption. 9y is fractional surface coverage 


of nitrogen gas. 


Py, 
Rats 7 k, etx 
Ra, =k.5.e" | (6.90) 


By increasing Pwo, Rads increases. But by increasing 9n, Raas decreases 
exponentially. 


Rate of desorption of nitrogen is 
Row oc eh@s 
R,.. =k,e™ (6.91) 


Rate of desorption of nitrogen is exponentially related to fractional surface 
“Verage of nitrogen (Oy). . 
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At equilibrium stage, rate of adsorption becomes equal to rate of degorptio, ; 


nitrogen as 


Let, h+g=f 


Taking natural logarithm of above equation | 
In(aP,, ) = In(e™ ) 
In(aPy, ) = f0, 


In (aP,,, ) 
f | 
From equation (6.92) putting the value of @y into equation (6.91), we get 


0, = (6.92) 


Ree = k,e"tiner ) 
h 
Rov ‘. kee 
. h 
Ry. = ky (aPy, )f (6.93) 


As, (Rp. Me = _——— he 
Then, equation (6.93) will be, . 

h 

f 


ss aunsiiins Jae = k, (aP,, ) t 


As we know that, 2NH,,,) Nagas) FH ccas) 
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K = NH 
Py, Pi 


where, K is the equilibrium constant 


Prin, 
ys = BK 
H,* (6.95) 


Putting the value of Py, from equation (6.95) into equation (6.94) 
: . YY 
{ icacseeiticina) =k a 
| mR, 


ch . 2 
a \f Ei 
rn = = k, (= Fe | (6.96) 


a, h and f are constants. The value of h/f may be Oto 1. 


(i) When value of h/f is equal to 0 then, equation (6.96) will be, 


(Reossccepstiion = ~ k, 


Hence, the rate of decomposition of ammonia is independent of pressure of 
NHs and He. +? 
(i) | When the value of h/f is equal to 1 then equation (6.96) will be, 


a Pat 
(Risecompostiion fe =k, (| = 


P? 
7 ee as | 


Hence, the rate of decomposition of ammonia is dependent on pressure of 


Hs and He at maximum value of h/f. 
ALYST IN INDUSTRY 


610 CATALYSIS OR USE OF CAT 
atalytic reactions. Out of this, 


_ 80% of reactions in world are ¢ 
actions in industry are also catalytic reactions. 


(1) 


more than 90 % 


Fertilizer Industry 


synth The 1st step of urea synthe 
bie, of ammonia can be done. 


sis in Haber’s process is catalytic in which the 
The reaction is reversible and catalytic as given 


fe» INH ipa 
2(gas) 9 
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(2) Production of CO: 

Most of the refreshing drinks in world are carbonated. Hence, on large 
CO2 is required. One of the methods of preparation of COs is the catalytic OXidat; 
CO given as 


= ne 


Bal 


Pu 
Ss Onress) COs (cas) 


CO 


(gas) 


(8) Production of H2SO, 


H2SOs4 is widely used in industry and academic institutes. The basic Step of 
H2SO, synthesis involves catalytic oxidation of SO2 as follows . 


2804.) + Oni, =? 280, 


(4) Hydrogenation 


This heterogenous catalytic process is used to convert oils into vegetable 
ghee. In this reaction, unsaturated hydrocarbons or their derivatives are converted 
into saturated hydrocarbons or their derivatives. For example, ethene is converted 
into ethane by hydrogenation. : 


= CH,,,, + Hy.) —“+CH, - CHy,) 


(5) Production of Hydrogen Gas 


Hydrogen gas is prepared on industrial scale by the following heterogeneous 
catalytic processes as given below 


CH,OH—“2_, H, +CO 
Methanol 
HCOOH —*““t_,H, +CO, 


Formic acid 


(6) Cracking in Petroleum Industry 


Cracking is the process of breaking long-chain hydrocarbons into lower 
molecular weight hydrocarbons. The rate of cracking is dependent on the 


temperature and presence of catalyst. Hence, cracking process in petroleum industry 
is catalytic in nature. 


(7) ‘Petroleum Reforming 


Catalytic reforming is the Process used to convert the linear chain 
rbons into i 


= Re for min ° 
n—octane—“emg_, 9 2,3- trimethyl! pent ane 


Scanned with CamScanner 


www.pdfgrip.com 


Surface Chemis 509 


(8) Redox Reaction 
2CH,OH —““_,CH, +[0] 


It is a reduction process. 


g.10.1 Problems in Use of Catalyst in Industry 
(1) Sintering 


“The retardation in catalytic activity due to aggregation of particles of same 
size and decrease in surface area called sintering.” Promoters perform two functions: 
avoid sintering and enhance the activity of catalyst. Promoters occupied the space 
between particles and resist sintering. ‘ 


U.S nitration fixation laboratory has done work on promoters. Brunaure and 
Emmet use Fe2O3 and Al2Os together as catalyst. Here, Fe2Os is catalyst and AlzOsis 
promoter. 


One or more than one promoter can be used along with catalyst in reactions. 
e.g. Fe2Os+ AlzQs is a singly promoted catalyst having only one promoter. 


Doubly pcoraoted catalyst has 2 promoters e.g. Fe203 acts as a catalyst while 
AlgOz3and K2O cau act as promoters in combination of Fe2O3, AlezOs and K20. 


(2) Ostwald Ripening 


Big particles provide attachment site for small particles, so small particles | 
attach on a big particle and form coagulates. Catalyst in this way loses its activity, 
because Ostwald ripening results in reduction of surface area. 
(3) . Catalytic Poisoning 


Impurity will cause catalytic poisoning. If adsorbing ability of impurities is 
greater than the adsorbing ability of reactants, then impurities will adsorb on 
catalyst and occupy active sites. Reactants do not adsorb and retardation occurs. 


Catalytic poisoning may be permanent or temporary. 
6.11 ADVANCED APPROACH TO HOMOGENEOUS CATALYSIS 


“In homogeneous catalysis reactants and catalyst both are in same phase.” 
Some examples of homogeneous catalysis are as follows 


(1) Autocatalysis 
(2) Enzyme catalysis 


(3) Acid or base catalysis 


6.11.1 Autocatalysis 


“A type of catalysis in which one of the products formed act as a catalyst is 
called autocatalysis,” 


The chemical reaction between acidified potassium permanganate (KMnQ,) 
and oxalic acid is an example of autocatalysis. The plot of concentration of product as 


48 
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n the Fig. 6.25. It is clear from the Fig. that the 
e very slowly at initial stages of reaction 
f product with time indicates that one of 
action. The chemical reaction ig 


a function of time is given i 
concentration of product increases with tim 
After this, rapid increase in concentration 0 
the products act as catalyst which speeds up the re 


5(COOH), -2H,0 + 2KMnO, +3H,SO, —>K,SO, + 2MnSO, +8H,0 + 10Co, 


, 


Where, MnSO, acts as an autocatalyst. 


Kinetics of Autocatalysis 
lowing general scheme of reactions. 


(i) 


Kinetics of autocatalysis involves fol 
A— >B+C 
A+B—“+B+B+C (ii) 


Where, (i) is a simple reaction and (ii) is an autocatalytic reaction. Kinetics of 
reaction (ii) can be discussed under following two cases 


total consumption Riidikaienee = = 
of reactants 


t ——» goes 


Fig. 6.25 Plot of concentration of product _‘ Fig. 6.26 Plot of rate of reaction versus 
as a function of time for autocatalytic concentration of autocatalyst 
reaction 


Case 1: When Initial Concentration of Autocatalyst B is Zero 


Reaction (ii) is a 2"4 order reaction and rate law expression for this reaction is 


dx 


i [A][B] 


ae 7 ei (a-¥)(x) (6.97) 
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i i tag a the differential form of rate law. Rate of autocatalytic 
reaction depends upon the concentration of reactant and autocatalyst at time t. 


When x = 0, equation (6.97) will be, 


dx 
a k, (a-0)(0) =0 

Rate of reaction increases with the increase of x initially and then decreases 
with increase of x as shown in Fig. 6.26. Using concept of maxima, value of 
concentration of autocatalyst can be determined at which rate of reaction 1s 
maximum. It is depicted from Fig. 6.26 if x is less or greater than a/2 then rate is less 
than [rate] max. Rate is maximum, if x = a/2. 


From equation (6.97), we have 
Rate = k, (a-x)(x) 

By differentiating above equation with respect to x, we get 
d(Rate) _d 


—————EEE 


—— ay (8x ~k,x’) 


d(Rate) . 
At maxima, a will be 0. So, 
x 


0 =k,a-2k,x 
k,a = 2k,x 

a 
x=— 

2 


Case 2: When Initial Concentration of Autocatalyst is not Zero | 
ow when reaction is started without catalyst, but rate of 


reaction can be increased by adding some quantity of catalyst with reactant. Since, 
catalyst is also generated in autocatalysis therefore concentration of autocatalyst B 
increases with progress of reaction while, concentration of reactant decreases with 
reaction progress. If we have a and b as initial concentration of reactant A and 


autocatalyst B respectively, then 


Rate of reaction is | 


A440 | @) 
A+B—*»B+B+C (i) 
Att=0 a b 
At time=t a-x btx 


Rate law expression for the reaction (ii) 18 — 


dx oc [A][B]. 
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dx «cfa- x)(b + x) 
dt 


“ = k, (a-x)(b+x) (6.98) 


By a variables and integrating equation (6.98), we get 


{—— =k, fat (6.99) 
(a-x 15) x 
Equation (6.99) can be solved by partial fractions as 
fii age Pi egh (6.100) 
(a-x)(b+x) a-x b+x | 
1=A(b+x)+B(a-x) | (6.101) . 
When btx = 0 then x =-b, by putting value of x in equation (6.101), we get 
1=0+B(a+b) | 
tl ; 
(a+b) (6.102) 
When a-x = 0 then x =a, by putting value of xin equation (6.101), we get 
1=A(a+b) 
1 
A= 
(a+b) (6.103) 
Putting values of A : ; 
os = es of A and B from equation (6.103) and (6.102) in equation 


1 


By putting the val 
a) ue of 1/(a-x)(b+x) in equation (6.99) from above equation we 


6 aplcss -x) * hes 


yen Say" “eae In(a - *)+In(b+x)] 


we | 


fees Se ry (a-x) 
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Now equation (6.99) becomes, 


: a) (6.104) 
(a + b) (a - x) 1 
By applying initial conditions, we can determine ‘the value of integr ation 


constant Cs. « 
When t = 0, then x = 0 


Then equation (6:104) will be, 
= oe (6.105) 
(a+b) a 
Putting value of constant (c) from equation (6.105) into equation (6.104), we 
get | 
: es) it + : in” 
(a+b) (a-x) 


(a+b) a 
ath a(b+x) 


(a+b) b(a-x) 


=k,t 


a(b+x) 
b(a-x) 


In =(a+b)k,t (6.106) 


Infa(b+x)/b(a-x)] 7 


O i cmaeibent 


Fig. 6.27 Plot of In{a(b+x)/b(a-x)] versus time for autocatalyst 
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Equation (6.106) is a straight line equation passing through the Origin ag 
shown in Fig. 6.27. Units of ki are dm3mol!e-! and value of ki can be determined thea 


the slope of the plot of In [a(b+x)]/[b(a-x)] versus t a 
Slope = k, (a +b). 


8 


_ slope 
(a+b) 


Case 8: Non-Autocatalyzed Reaction and Autocatalyzed Reactions as 


Parallel Reactions 


constant kp. 
A—.5B+¢ (Without catalyst) (i) 
A+B—® ,B+B+¢C 


a 0 


(Without catalyst) (ii) 
when t =0 


a-x x when time =t 


Rate expression for the reaction (i) can be written as 
R, «[A] | 
R, =k, (a-x) (6.107) 
Rate expression for reaction (ii) can be written as 
-R, « [A][B] 
R, =k, (a-x)(x) 


Overall rate of reaction is given as 


(6.108) 


dx 
aq tk : 


Putting values of Ri and Ro fro 
equation, we get 


dx 
a7 Hi(@-x) + (a—x)(x) 


m equation (6.107) and (6.108) in above 


dx 
a (a -x){k, +k, (x)} 


By separating variables and integrating above equation we get 


dx 
fe-siteesy = fat (6.109) 
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Using partial fractions, 


a (6.110) 


(a-x)(k, + k,x) 7 (a-x) (k, +k,x) 
1=A(k, +k,x)+B(a-x) (6.111) 


When a-x = 0, then x = a. Putting value of x in to equation (6.111), we get 


1= A(k, +k,a) 


1 ‘ 
oak ea 9 6.112 
a (k, +k,a) ( ) 


When kitkex = 0, then x = -ki/k. Putting value of x into equation (6.111), we 


k 
1=B aad 
| [ast] 


k,a+k 
1=B) 1 
—- 


2 


get 


B= Es (6.113) 
k,a+k, 


From equations (6.112) and (6.113) putting the values of A and B in equation 
(6.110), we get 


1 1 k, 


(a-x)(k, +k,x)  (k, +kya)(a—x) (kya +k, )(k, +k,x) 


dx 1 | dx _kydx | 
(a-x)(k, + k,x) ~ (k, +k,a) (a-x) (k,+k,x) 


f dx _ A {fas i j k,.dx 6.114) 
(a-x)(k,+k,x) (k,+kya){ “(a-x) “(k, +kyx 
By comparing equation (6.109) and (6.114), we get 


Cie k,.dx |= fa 


1 i 
(k,+k,a)| °(a-x) (k, +k,x) 


| 
7 
J 


ea ei 


en -x)+In(k, +k,x)}=t+e 


(k, +k,a) 
2 tHe | oe (6.115) © 
(k, +k,a) a-Xx 


Applying initial conditions, 


hz. ‘i " 7 
. a ee 
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When t = 0 then x = 0. Applying this condit ‘ 
=v (6.116) { 
j 


Putting value of constant (c) from equath 


ion at equation (6.116) 


on (6.116) into equation (6.115) ‘ 
We 


get 
1 k, eter nl] | 
(k, ai a-X (k, +k,a) a 
1 a(k, +k,x) = t 


(k, +k,a) " k, (a-x) 
k, +k, 
in =) (+ (6.117) 


Equation (6.117) is an 
equation of straight line passing 
through the origin with slope, 
(ki+kza) as shown in Fig. 6.28. 


From the slope value of 


rate constants k: and ke cannot 

be found. Hence, it is better to in| | 
remove product from reaction 

mixture time to time. So, that no 

product remains in reaction 

mixture and process could not be 


autocatalyzed. So, k2=0. 
0 
Applying this condition t = 
to equation (6.117), we get 
k ; ., a(k, +k, 
a = k,t Fig. 6.28 Plot of tn 2s + ex) versus t for non- 
k, (a-x) ,(a-x) 
; autocatalyzed and autocatalyzed parallel 
In =k, reactions 
(a-x) 
Hence, from above equation k; can be fi i 
: ound. B lue of ki 0 
equation (6.117) we can get the value of ko. eae 


6.11.2 Enzyme Catalysis | 
| 


<i ie i hg catalysts which catalyze the chemical reaction® 
erie fom ace nics ody, Enzymes are macromolecules and proteins in nature, 
Rtcion mittane ie ae in living organism so they are also called biopolymer: | 
atid ee ity blocks of enzymes. Number of amino acids in a $” 
act as catalyst in all WEG: ol wees “ vin molecular weight of enzyme. an : 
actions i.e. redox, acid base and decomp me 


Scanned with CamScanner 


———<<—$-—— 


www.pdfgrip.com 


BR bs 


Surface Chemistry _51 7 


a iii. 

: Ning " . a , 
reactions. connie are specific in nature and functioning. Stereo specificity 18 basic 
characte! af eta hey react with stereo specific reactants ol also produce 
stereo speci a — ucts. Enzymes only work on specific Semoun Stil and specific pH. 
Optimum pH or temperature is that pH or temperature at which enzyme show 
maximum activity. The number of reactant molecules converted hata. rodivel "er unit 
time bya single enzyme molecule is called turn over number.” product p 


_——— 


Michaelis-Menton Mechanism 


oy oe ea alg mechanism of enzyme catalysis obeys lock and key model 
of enzyme functionaing. An enzyme has specific site for adsorption of a particular 
gubstance. According to this model, substrate can form a complex with enzyme by a 
reversible process, then enzyme-substrate complex is converted into product with 
regeneration of enzyme by irreversible process. The pictorial diagram is shown in 
Fig. 6.29. The scheme of Michaelis-Menton mechanism of enzyme catalyzed reaction 


can be given as 
kk, 


« 


E+S@ ES >E+P 
k 


According to above equation, rate of reaction is 


u =k, [ES] (6.118) 
itten as 


=1 


Net rate of formation of enzyme-substrate complex can be wr 


-_ - k, [E][S]-k_,[ES]-k,[ES] (6.119) 


; 
i 
P 
‘ 


pproximation, because ES complex is formed and used 


Applying steady state a 
table intermediate. So, d[ES]/dt = 0, equation (6.119) 


during reaction and it is an uns 
will be 4 
0 =k, {E][S]-k. ,[ES]-k,[ES] 4 
k_,{ES] + k, [ES] = k [E][S] i 
(eS]{k., +k,} = k,[EIS) ; 
4 

Substrate 
Products 


¥® 7 ® 


+ 
= — 2 
irreversible 
Reversible 


ES complex 


eschem. of enzyme Cc “Lysis 


Enzyme 
Fig. 6.29 Pictor 


jal diagram showing th 
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——— ee 

_ k, (EJS) (6.120) 

[ES] = sk, 

Enzyme is present in a vessel in free form as well as in ES complex form. So, 
[E], = [E] +[ES] 


Where [E]o is. the initial concentration of enzyme, [E] is the available 
concentration of free enzyme and [KS] is available concentration of enzyme substrate 


complex. 
(E] =[E], -[ES] (6.121) 
Putting value of [E] from equation (6.121) into equation (6.120), we get 
k, {[E], -[Es]}[s] 


[ES] = 
. - +K, | 
_ {lE), -[Es}}[s] 
[ES] = = (6.122) 
k, 
— k , +k, 


Where, km is the Michalis-Menton constant. 
So, equation (6.122) will be 
[ES] = [E],[S] -(ES][S] 
ky 
ies) - ELISI_lEsIts] 
ky Ky 


ies} 2518) _ (ELS 


M ky 


is Au S| = [E], [S] 


M k, 


_ [E],[S] 
bia k,, +[S] . (6.123) 


Putting value of [ES] from equation (6.123) into (6.118), we get | 
oe ¢ E18) . 
* ky, +[S] —_—) 
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a) Rate of reaction is a function of concentration of substrate. 
(ii) 


Rate of reaction is directly. proportional to [S] but up to certain limit only. 


When [S] is low, then km+[S] * km so, equation (6.124) will be 


[E],[S]. 


=k, 
oes 


v = constant x[S] 


uc [S] 


So, rate of reaction is directly proportional to concentration of substrate if 
concentration of substrate is very low as shown in Fig. 6.30. 


(iii) | When [S] is very high, then km+[S]=[S], applying this condition to equation 
(6.124), we get 


[E},[S] 
[S] 


= k,[E], = Umax 


Umax ig constant value, because kz and [E]o are constants. Umax is independent 
of [S]. When uv = umas/2, then (S] = km. It means km is concentration of 
substrate when rate of reaction is half of maximum rate. Fig. 6.30 shows that 
v is directly proportional to substrate concentration if concentration of 
substrate is low. But for high concentration of substrate vu is independent of 


[S]. 

This is because all the active sites of enzymes are fully occupied at high 
-concentration of substrate and no more sites are available so, rate of reaction 

is independent of substrate concentration. 


v=k, 


(iv) Physical Significance of km: “km is the concentration of substrate for which 
rate of reaction is half of Umax.” 1.€. 
Let [S] = km applying this condition on equation (6.124), we get 


vek, LE], 
” 2ke 
[E], 
v=k,— 
- 2 
Urnax 
v= 
2 
Unit of km are mol/dm?. As we know that 
k , +k, 
ky = -1 r4 


k 


1 
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ky 


“ky 


k 
ky a 


(6.125) 


k= ka is the dissociation constant so, equation (6.125) will be 


k, ‘ 
k,, =k, sy 


If kok = 0 then km = ks. The value of ks normally ranges 10? to 10-5 mol/dm3 
which is comparable to ionization constant of carboxylic acids. Generally ky < 
ks, so km can serve as minimum value of ks. 


[S] is high 


Umax/2--—— [S] is low 1/ 


[s}——> 


Fig. 6.30 Plot of rate of enzyme catalyzed 
reaction versus substrate concentration 


(v) 


The value of km and ko can be determin 


' equation of straight line i.e. 


k,[E],[S] 
y= 


k,, +[S] 
1_ ky +S] 
v_ k,[E],[S] 
1__sky ‘ [S] 
u_ k,[E].[s] ‘k,[E] [S] 
1_sek, ree. 
u_k,[E} [s] k,[E], 


18) 


O 


1/[S] 
Fig. 6.31 Plot of 1/v versus 1/[S} 


e by converting equation (6.124) into 
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I 


This is an equation of straight line and named as Line weaver burk plot as 
shown in Fig. 6.31. The value of km can be determined from the slope of 1/u 
versus 1/[S] plot and kz from the intercept of the same plot as 


k 
Slope = 
ope iE] 


° 


Intercept = it. 


k, (BI, 


1 
— =[E], x Intercept 
k, 
ke = 1/ [E]ox Intercept 
The rate of slope to intercept also gives the value of km. 
Slope k,, 


=____ 


‘Intercept k [E] 


oO 


Slope _ 
Intercept ™ 


Second Possible Mechanism of Enzyme Catalysis 


The Michaelis-Menton plot doesn’t always show that this mechanism is true, 
because many other possible mechanisms can give this plot. For example stepwise 
formation of product from ES complex follows the equation almost similar to 
Michaelis-Menton equation discussed in the previous section. Pictorial diagram of 
this mechanism is given in Fig. 6.32. . 


The scheme of this mechanism can be written as 


E+Sc ES 

ES—* 4ES's x 

ES’ —"4B+Y¥ 
Substrate 

a 
-@ 

nd 
Enzyme ES complex E 


Fig. 6.32 Pictorial diagram of mechanism of enzyme catalyzed reaction 
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Rate of reaction is directly proportional to concentration of ES complex, 


i vu « [KS] 

E 

: u=k,[ES] (6.126) 
ky is the rate constant of second step. 


Net rate of formation of ES complex is 


HES! -&,(EIIS]-k.,(ES}-k, (BS) 


Applying steady state approximation, we get 
0=k,[EN[S]-[ES]{k , +k,} 


[ES] k_, +k,} = k,{EI{s] 


k [E][S] 


ES] = 
a k , +k, 


=] 


[E][S] 


LES] = k , +k, 


[E][S] 6.127) 


r 


M 


[ES] = 


Enzyme is present in free as well as in enzyme-substrate complex forms in 
reaction mixture. Thus total concentration of enzyme is equal to sum of concentration 


of all these three forms as 
[E], =[E]+[ES]+(ES'] 
[E] = [E], -[ES]-[ES'] (6.128) 
Putting value of [E] from equation (6.128) into (6.127), we get 
{{E], -[ES] -[ES'}}[S] 
_lESIIS) _ {lE], -[ES'}[S] 
Ky ky 
(Es) + ESIS) _ LEI,{S]-[EsIs} 


M ky 
ky{ES]+(ESI[S]_ [E],{S]-[ES'I[s} 
ky, - Kx 


[ES](k, +(S]) =[E],[S]-[Es'Is] (6.129) 


[ES] = 


[ES] 
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Net rate of formation of ES’ 
d[ES'] 
dt 


As ES' is also an intermediate. So, steady state approximation can also be 


= k, [ES]~-k,[ES'] (6.130) 


0 =k,{ES]-k,[ES'] 
k, [ES] = k,[ES'] 


[ES'] = ‘eS (6.131) 
k, | : 
| Putting value of [ES'] from equation (6.131) into equation (6.129), we get 
(ESI(k,, +{S}) = (e},{s]-*2 sa (s] 
[ESI(k,, siayo tS -{E],[s] 


3 


(ESI ke, +151+ ks “. (E},{s] 


k, 


tsi (af #3 [E],[S] (6.132) 


SI [Bee ths }s}- (El,{s] 


[ES] = __[e),{S!_—_ (6.133) 
ky + [Bk : Ke nh Is | 


3 


Putting value of [ES] from equation (6.133) into (6.126), we get 
k,[E],(S] | 
y= ———— SF | 
k, tk, | 
ky + ( “_ | 


a: +.) 
k k, + Se 
(is joe le 
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k [jesus 


iin : ~ of k, (6.134) ny 
es Mig | ae bo 
f zs =| " a | 
k 
And km 3 
r k, +k, | 
So, equation (6.134) will be, 
_ k,k{E],[S] (6.135) 


"ik +{S] 
k3>>>>ke then k = 1. This is a maximum value of k. 


Results deduced from equation (6.135) are as follows 


(i) Rate of enzyme catalyzed reaction is directly proportional to substrate 
concentration for small values of [S]. i.e. 


(a) If [S] is low, then kk + [S] = kak 
Applying this condition to equation (6.135), we get 


y= KeklEI,[S] 
yk 


Hence, u«[S] 


i canine meee [S]is high 


[S]is low iy 
) 
[Ss] —— 0 1S] | 
Fig. 6.33 Plot of rate of enzyme catalyzed Fig. 6.34 Plot of 1/v versus 1/[S] 


reaction versus substrate concentration 
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(b) 


km.k + [S] = [S] so, equation (6.135) will be 
v =k, k(E], 
Fig. 6.33 depicts that rate of enzyme catalyzed reaction depends upon 


substrate at low concentration but at high substrate concentration rate 
becomes independent of substrate concentration. 


(ii) ‘The value of km can be determined by converting equation (6.135) into 
equation of straight line i.e. 


‘Taking inverse of equation (6.135), we get 


1_ kyk+[S] 
vk, k(E],[S] 
1_oky 1 
v k,(E} [8] " k,k(El, 


This is equation of straight line with intercept as shown in Fig. 6.34. The 
ratio of siepe to intercept of the plot of 1/u as a function of 1/[S] can be used 
for the determination of km. 


6.12 ENZYME INHIBITION 


“The decrease in rate of enzyme catalyzed reaction as a result of complex 
formation of a foreign substance with enzyme is called enzyme inhibition and foreign 
specie is called inhibitor.” 


Types of Enzyme Inhibition 


Reversible and irreversible are two types of enzyme inhibition. Reversible 
inhibition is further classified into three types. 


(i) Competitive inhibition 

(ii) | Uncompetitive inhibition 
(iii) | Non-competitive inhibition 
6.12.1 Competitive Inhibition 


In this inhibition, there are complexations between substrate and enzyme 
and between enzyme and foreign specie. In competitive inhibition enzyme has ability 
to bind with substrate as well as with inhibitor because size and shape of inhibitor 
and substrate are not only same and but also similar to active site. 


The scheme of competitive inhibition can be written as _ 
E+S > ES—* >P+E 


wis The complexation of enzyme with inhibitor is a reversible process and can be 
en as 
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When value of [S] is high then vu is independent of [S] i.e. if [S] is large, then. 


SOTA eT oe a 


en oe 
Soe 


ae emer eee 
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E+I——EI 


From above equilibrium, dissociation constant of the complex is 


_fE)O 
{ED 


By rearranging above equation, we get 


_ (6) — 
tel] = (6.136) 


Rate of reaction is direc 
substrate complex. 


u « [ES] 
‘u=k,[ES] 


tly proportional to available concentration of enzyme 


(6.137) 


Net rate of formation of [ES]=R R 


formation — consumption 


d[ES] 


—— =k,[EJ[S]-k_,[ES]-k,[Es] 
dt : 


Applying steady state approximation to it 
0=k,[EJ[S]-k ,[ES]-k,[ES] 
k,[EI[S] = k_,[ES] +k, [Es] 

k, [EIS] = (k, +k, [ES] 


k, [EJ[S] 


o+ 


[ES] = 

[E][S) 
ko +k, 
k 


[ES] = 


(zg) = LEIS) 
M 


[E] = ae (6.138) 


The concentration of enzyme is as follows 


[E], = [E] +[ES]+[E) (6.139) 


Putting value of [EI] from equation (6.136) into (6.139), we get 
[E], =(E]4 [ES] 4 Bt 
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aie I 
(2), = [ES] steih ; . 6.140) 


1 


putting value of [E] from equation (6.138) into equation (6.140), we get 


rel, = pest+ 2Sku), , i 
[S] K, 
(El, = es kw J), U0 
"Ts] “1 "ih 
[ES] = __!eh (6.141) 
fi + Ky 1+ uy 
is]| K, 
Putting value of [ES] from equation (6.141) into (6.137), we get 
v= k, TS 
I 
1 sa 
vty hil) 
This is the rate of enzyme catalyzed reaction in the presence of inhibitor. 
k,{E],(S] 
(6.142) 


v= 


coca 
K 


Equation (6.142) proves that u decreases with increase in [I] and increases 


with increase in [S] i.e. 


(i) 


(ii) 


(iii) 


| 
If [I] = 0, then equation (6.142) will be | 
k, [E],{S] 
v=o 
[S]l+ky 

! 

j 


This is rate of enzyme catalyzed reaction in the absence of inhibitor. 


If (I]/Ki=1 and km=[S], then 


k,[E], 


V= 
3 


Umax 


y= 


3 
If [I]/Ki = 0 and km = [S 


k,[E], 
2 


]. then equation (6.142) will be 


U= 
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Vina, 


v= 


(iv) If (S] >>>>km, then equation (6.142) is 
_ k,[E],[S] 


} 

: 

| 

| This is in the absence of inhibitor as shown in Fig. 6.35. 


sepbial i aeteeiecnas ac 


[S] 
v=k,[E], 


ne eS OPES 
ERA pn nern menreee 


v=uU 


max 


By taking inverse of equation (6.142), we get 
| - 
[S]+k,,41+— 

]+ “| +k 


k, [E],[S] 


(1) - 
1 ky fi + ee 
* T(E], [SI 
1 ky i oe 
vu &K,IEI fi *K, le "eB, alti 


Plot of equation (6.143) is shown in Fig. 6.36. 


S . 
u 


In the absence of inhibitor 


In the presence of 
inhibitor 


[S] ——+—» 


Fig. 6.35 The rate of enzyme catalyzed reaction as a function of substrate 
concentration in the presence and absence of inhibitor 
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pis a | 


in [I] the curve 


jncre"*. 1 ~¢ : 
pift anti clockwise Inhibited 


“ill § 
Sf increasing slope 
; intercept will 
a main constant. | 


1 
ept =—Thl ; . Uninhibited 
pntereeP “> TE, . 


——— 
k;*TnterceptlE], . Pa 
ky [1] ed 
| 1 +— “ys 
slop? er K, ee 


Then, we can -l/kM(l+[l/Ki)-’ / 


find Ki from slope. ~1/kM 0 1S] ——— 


Fig. 6.36 Plot of 1/u as a function of 1/[S] in the presence 


(competitive inhibition) and absence of inhibitor 


Example 6.5 
Prove that the value of x-intercept of the plot 1/u versus 1/[S] is equal to 
a Sa 
ky, i ~ z) 
K, 
Solution 


x- Intercept of 1/u versus 1/[S] plot is the value of.1/[S] for which 1/u is equal 


o. Hence, from equation (6.143) we have 


to zer’ 
ky (M2 
O- IE, i *%, \b * i (BI, 


“i IEl, | Ky JIS] ki lEl, 
| 
As required. 


Exam 

ple 6.6 
as inhibited competitively. The intercept to 
d to be 1.5 mol/dm? in the presence of 0.01 
Jdm:3. Calculate the value of Ki. 


_ An enzyme catalyzed reaction W 
eae of plot 1/u versus 1/[S] was foun 
ibitor. The value of km is 1.2 x 10“ mo 
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Solution 8 
Intercept__ ky 1 oH) xk, [E] oe 
As we know that, Slope  k,[EI, ( K, gti, : 
Intercept =k, We | 
Slope K, 
‘ By putting values in above equation from the given data we can determing 
value of Ki as follows 


1.5=1.2x107 f a 
K, 


0.01 
1.25x10' =1 49:01 
: K 


K, = 7.999 mol dm* 


6.12.2 Uncompetitive Inhibition 


In such type of inhibition, enzyme doesn’t make a complex with inhibitor 
directly but enzyme-substrate form a complex with inhibitor and stabilize it. As a 


result of this process product formation is inhibited. The scheme of uncompetitive 
inhibition is given below . 


E+S— > ES—4 4E4P 


ES +1299] 


Dissociation constant of [EST] will be 


_ [ESI] 
'~ [Es] 
[EST] = sit (6.144) 
I 
u« [ES] 
v=k, [ES] (6.145) | 


Net rate of formation of [ES] complex | : 
d[ES oe 
a = k,[E][S]-k_,{ES]-k, [Bs] | 


Applying Steady state approximation to it 
0=k,[E][S]- k ,[ES]- k, [ES] 

! 

al 
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k,[EI[S] = k_,{ES] +k,{BS] 
k, [ENS] = (I, +k, Les] 
Ik ells 


ts} 
nee 


[ES] = 


[ES] = 


ule) (6.146) 


M 


[ES] = 


(E], = [E]+[ES]+[Es1] 


[E] =[E], -[ES]-[EsI) (6.147) 
By putting value of [ESI] from equation (6.144) into equation (6.147), we get 
(6) = (8), ~{es) ‘ESI 


s I 
Putting value of [E] into equation (6.146), we get 


(te, _[EsI- eas 


[ES] = 


[ESIk,, -((E _[ES]- ens 


[ESIk,, - (te -esifi+ 2} 


(ESIk, =(£I,[S]- pois + 


(Eslk, scesits{t+ {2} (EI, [SI 


roles visifi+ = (EI. {s] 


[E) [S] (6.148) 


[ES] = 
k,, + [S] f + a 
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Putting value of [ES] from equation (6.145) into equation (6.148), we get 
[E], [Ss] (6.149) 


ka sts} 


It is the rate law expression of enzyme catalyzed reaction in the presence of 
inhibitor due to uncompetitive inhibition. 
Taking inverse of equation (6.149) 


ky etsifi+ 2 


I 


k, [E],[S] 


ky 1, 1 ), 0 (6.150) 
k, (EI, (S]" k,lE], |’ K, 

This is the rate law expression for enzyme catalyzed reaction suffering 
uncompetitive inhibition. We can know that the inhibition is competitive or 
uncompetitive by Line weaver Burk Plot. If intercept is same but slope is different in 
Line weaver Burk plot then this will be competitive inhibition. If intercept is 
different and slope will be same in Line weaver Burk plot then this will be 


uncompetitive inhibition as shown in Fig. 6.37. 


u=k, 


ba 
u 


\ 


(,<(M2< (1s 


0 US ams 
Fig. 6.37 Plot of 1/u versus 1/[S] showing uncompetitive inhibition with different 
intercept values 
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6.12.3 Non-Competitive Inhibition 


In this type of enzyme inhibition, inhibitor is not attached with enzyme 
through active site. Inhibitor: forms complex with enzyme by attaching active site 
available for substrate. Because shape and size of inhibitor and of substrate are 
different from each other. The reaction scheme of non-competitive mbhibition is given 


below 


E+ SF eee ES—* ,R4p 
E+1<=— EI (Possibility 1) _ 
ES + Iz—> ESI (Possibility 2) 


Dissociation constant of possibility 1 is 


_ TE} 
a [1] . 
(eq) - EN (6.151) 


, 


Dissociation constant of possibility 2 is 


. _ [esI 
' [ESI] 
[ESI] = a (6.152) 
K, 
u =k, [ES] (6.153) 


Net rate of formation of [ES] complex 


vs = k,[E]{S]-k , (ES) - k,[ES] 
Applying steady state approximation to it 

0 =k, [E][S]-k_,[ES]-k,[ES] 

k [E][S] =k ,[ES]+k,[ES] 

k,[E][S] =(k, +k , [ES] 


(ES) - k, [E][S] 
k, +k, 
[E][S] 
[ES] = kK, +k, 
k 
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M 
Initial concentration of enzyme should be equal to the sum of various forms of 


enzyme concentration, 
[E}, = (£]+[ES)+[E1+fEST 


Putting value of [ES] from equation (6.154) into equation (6.155) 


(6.155) 


[E), = - te} SES! 5 ten +(esu | (6.156) 
. M 
Putting values of [EI] and [ESI] from equation (6.151) and (6.152) into 
equation (6.156), we get 
ig (E)(S} (EU) | Cesju) 
Ky Ki ss 


[E](S] (E)(1] [E]{S] (1) 
++ — 
K, ky K, 


(E], =[E 


[E], =[E]+ 


M 


(rl, - -(e[1+ Su, a) 
ky K, kyK, 


[E], 
[Ss] (1) ([S]tg 
[tee 


[E] = 


Now putting value of [E] from above equation into equation (6.154) 


[s] (BI, 
ky (i (s], 1, Si) 
ky K, kK, 


[ES] = 


Putting value of [ES] into equation (6.153), we get 


_ k,[E], [5] 
(S] [i] _ Js) [1] 
ky i + kK “ = EE 


C +ky a 


l 


y= 


k, LE 
y-—__ KE) [S) (6.157) 


k fe} (81+ 2] 
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Taking inverse of equation (6.157), we get 


1. kn to J.) [,, (6.158) 
v KEI,’ K, Jisl* ke, K, 


Equation (6.158) is an equation of straight line with intercept form. 


- ky (,, 0 
Slope= KE], t + a 


1 (1 
Int t= 1+— 
ntercep cr oa 


{I] is present in slope and intercept so, by changing [1] the 5 aire 
slope will change, but x-intercept remains constant. The plot will be- lh aie 
competitive and uncompetitive inhibition in which one thing nee be 
slope or intercept but in this case both are variable as shown in Fig. 6.39. 


(Ui< Oh< Uh 


1/[{S]| —— 


-1/kKM 0 


Fig. 6.38 Plot of 1/u versus 1/[S] in case of non-competitive inhibition 


Example 6.7 


. 1 
Prove that the value of x-intercept of the plot of 1/u vs. 1/[S] is equal to “ky, 


Solution 
x-intercept of 1/u versus 1/[S] plot is the value of 1/{S] for which 1/ v is equal 
to zero so, from equation (6.158)we have, 


k, {1} \ 1 1 i t 
= LEI, t a aG . k,[E], q : K, / 
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()1_ ral 
(2 |ay-[ 


1 1 


(S] ky | 
Hence, it has been proved that 1/[S] is equal to -1/km. 


6.13 B.E.T EQUATION 


The various types of adsorption isotherms could not be explained by mono- 


molecular layer adsorption theory of Langmuir, Brunauer, Emett and Teller 
developed a theory of multi-molecular layer adsorption of gases and vapours. This 
theory is known as B.E.T theory. These workers extended Langmuir theory to multi- 
layer adsorption and derived a mathematical equation called B.E.T equation or B.E.T 
isotherm, which explained satisfactorily all the five types of experimental adsorption 
isotherms. 


Postulates of B.E.T Theory 


(i) 


(ii) 
(iii) 


(iv) 


This theory is based upon the following assumptions 


Adsorption involves the formation of multi-molecular layer, rather than 
mono-molecular layer. This is represented as follows 

Vapour + Free surface = Single complexes 

Vapour + Single complexes = Double complexes 

Vapour + Double complexes = Tripple complexes, etc. 


Langmuir’s idea of fixed (localized) adsorption sites was retained. 


The interactions between the adsorbate molecules in the adsorption layer 
were neglected. 


For the formation of single complexes, the assumption made in Langmuir’s 
theory is adopted. , 


There is dynamic equilibrium between the successive layers. The rate of 
evaporation (desorption) from the first layer igs equal to the rate of 
condensation on the preceeding layer, 


The forces that produce consideration are responsible for binding energy in 
Successive multilayers, 


Heat of adsorption of first layer is different from that of subsequent layers. 


After the first layer, the 


vapours. heat of adsorption is equal to heat of condensation of 


Adsorption and desorption occur on surface only. 
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Statement of B.E.T Equation 


. On the basis of above postulates, Brunauer, Emmett and Teller derived the 
following equation 


p 1 = 
iGo voles (6.159) 
p p V,,C VC p° 


This equation is called B.E.T equation. In this equation 


Here V is volume, reduced to standard conditions of the gas adsorbed at 
pressure p and temperature T, p° is saturated vapour pressure of adsorbate (gas or, 
vapour) at temperature T and Vm is volume of gas, reduced to standard conditions 
(i.e. at NTP), adsorbed to form a saturated monolayer per gram of the adsorbent. 
While C is a constant equal to © ae i any given temperature. Here E: is heat of 
adsorption of first layer, EL is heat of condensation of the gas and Ei Ex is net 
heat of adsorption. 


Derivation of B.E.T Equation 


If at any time 61, O2 and @s ..... are the fractions of the surface covered by 
single, double and triple complexes respectively, then the extent of adsorption is 
given by the volume of the gas adsorbed on the surface. Then 


V = V,,(0, +20, +38, +...) (6.160) 
‘Where Vm is the volume of.the adsorbed gas to form unimolecular layer or it 
is the capacity for one dense layer. 


Since equilibrium exists between different phases, hence expressions for the 
equilibrium constants of the reactions are 


Fraction of surface covered a Naked surface x Number of molecules 
striking per unit area . 


Fraction of surface covereda(1 9) x P 


| 
i 
a 
| 
i 


Fraction of surface covered a Qo x P 


WSs fs 


So . : 
6, = K,P0, 
Hh, a Bee | (6.161) | 
0, | 
Similarly | 
a | (6.162) | 
0, | 
ha (6.163) 
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Where 0, is the fraction of free surface at equilibrium. The difference between 
Ki and Kz is usually large because Ki is very greater than Kz. This is due to sharp 
reduction in adsorbate-adsorbent interaction with increase in distance. The 
ditference between K» and K; or Ks and Ki are very small, hence it is assumed that 


K, =K, =K, (6.164) 


Where ki, is the equilibrium constant for saturated vapour-liquid transition 


and is given by 
! Oo (6.165) 
Thus from equations (6.161) to (6.164), we have 


0, = K,P@, = K, P8, -(Z}o 


z . P \f P an 


eee eee eee eee ee eee ee ee ee ee Tes 


PO e cere esrccncrecececoseescseeseesessseeeers 


(ey 0, (6.166) 


6; = K,P@,, = K,P@, , “(pe 


Using equation (6.166), equation (6.160) is modified as 


P) (PY 
V= VK, P@, ] (z] {Z] ieee (6.167) 
Using binomial theorem, for values P < P, we have 
Gron 
1+) —/ +/—] +... /=————— 
: P° p° (1 Pp ) 


. 


\ 


Putting this value in equation (6.167) we have 


K.P 
_K,PO, - (6.168) : 
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The total coverage of the surface 


0, +0, +0,4+0, +...=1 


Putting values of 01, 82, a .... into above equation 


0, «8 ,Pa_al 2 lee al 2) ew 
“a 1 rn) pe 1 ot p° K,P6, +... =1 
Pp 2 
8, r KP + KP (2 KP s.-}=1 
P PY 
| ofrenrlr-(E)-(2) +f 


2 1 . . . 
As l+rt+r'+....+0@= WES, so above equation is modified as 


a) Leg ttm =] ; (6.169) 
o P ) 
as 
ta 
es 
0, SL a =] 
a 
P° 
1-2 
0, = E 6.170) 
° 1y-P ap 
P° 
; f 
Substituting the value of 8 from equation (6.170) into (6.168) 
2 | 
Ke| = > 
1-—-+K,P 
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™ = % a 
(1 -z\(1-¢ + KP) 

Pp° P°: 

VeV K,P 


f a ie + sae) 
Pe Pp" 


V=-V, os | 6.171) 
i (1 +(K,P° -1) | 


As KP = (KE =e Je) 
: pe :.. p° P° 


K 


4 


l-¢ 
L 


and =K,P° = 


_ Putting value of KiP and KiP’ into equation (6.171) 


/ 
yf) 
ia ata 


This is the B.E.T equation for adsorption. It involves vapour pressure (P), 
saturated vapour pressure (P°) at the temperature of the experiment, and two 
constants Vm and c. This equation can be rearranged as 


VET Be P 
L+(e-1)p, | 
P 
1 a ae 
Pp) P 
Vil-— V 
=| “(=| 
P 
p° 1+(c-1) = 
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ey 
; Wer’ . 
Bisretre 
A ot 
WTB 
reSt 


P 
-- P 
a i: 
V f - P Vue Vic 
Pp? 
z 
Pr aly UP 
v(t us =| Vat VeP 
P° 
P 
V P'=P) Nae Var 
P° 
P 1 (c-1)P 


(P’-P)V Vic. V.cP* 
Interpretation of B.E.T Equation 


—_ versus = should give a 
(P° 3 P)V Pp’ 

straight line. This has been found to be so experimentally (Fig. 6.39) which 
confirms the correctness (validity) of BET equation. 


-] 
Slope = (G ) 
Vic 


m 


1. B.E.T equauon suggests that the plot of 


1 
V_, x Intercept 


1 
Intercept = ——,c = 
V.¢ * 


By adding slope and intercept. we get 


—] 1 
Slo e + Interce Beectseed 
Ve Vac 


m 


: c-1+l 
Slope + Intercept = 
Vc 


Slope + Intercept = 


From above two equations, the value of Vm and c (volume of gas to form 

monomolecular layer) can be calculated. 

It is easy to see that when only unimolecular layer is formed on the surface, 

the BET equation would reduce to Langmuir equation. 

3, The scheme of multilayered adsorption followed in BET theory can be_ 
represented as shown in Fig. 6.40. 
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is 
4, BET equation is better to obey by process involving high value of (Ey EV) ag 4 
under such condition only the adsorbate-adsorbent interaction in 
predominant. 


For adsorption process, the variation of equilibrium constant with 
temperature is given by Vont Hoff's equation 


AG = -RTInK 
AG 
K =e * 
So 
E, 
K, =g,e** 
k, 
i. = gel? 


Here E; is heat of adsorption of first layer, ELis heat of condensation and g1 
and g» are various distinguishable states of adsorption. 


Ey EE. (B,-£ 
K, _ gje®™ get kt x a] 
c= = — = 
r E,, 
K, g @kT BL 
aL. 


Where K is Boltzmann’s constant while Na is Avogadro’s number. E\- E» 
represents the difference between the heat of adsorption of first layer and heat of 
condensation. E+ Ez is net heat of adsorption. The B.E.T equation is better obeyed by 
processes involving high values of Er Ez, as under such conditions only adsorbate- 
adsorbent interaction is predominant. 


Limitations of BET Theory 
i. The assumption that adsorbate has liquid properties is not occurred. 


2. When the net heat of adsorption (E1- Et) is low, the constant C in BET 
equation is small. At C < 2, the BET equation gives a concave isotherm. 


3. BET equation holds good when p/p® values lie between 0.05 and 0.35. This 
equation fails if p/p? is below 0.05 and above 0.35. 


4, Coordination number of molecules is the higher layers also add to the 
criticism of the BET equation in another way. . 


5. Low adsorbate-adsorbent energies, however the adsorbate-adsorbent 
interactions cannot be neglected. In the cases the isotherm (i.e. curves) are 
more complicated ‘in shape. | 

: Thus BET equation is approximate and needs modification. 
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P 
Vip®°- p) 


intercept 


p'p? ———_—_ 


Fig. 6.39 Testing of BET equation 


a 
ee mee 


Fig. 6.40 Scheme of multi-layer adsorption 


6.14 SURFACE AREA DETERMINATION OF SOLID ADSORBENTS 


Generally the solid adsorbents which are used in adsorption are porous and 
used in powder form. So surface area of adsorbents gets increased. This enhances the 
magnitude of adsorption. The question of the surface area possessed by finely divided 
solid is not only important in adsorption, but also in contact catalysis and many other 
| fields. BET isotherm showed that it is possible to use adsorption of gases by such 
materials for determination of their surface areas and thus finished a very powerful 


tool being widely used at present. 
| 


. The porous solid adsorbents possess two types of surface areas: (A) external 
or outer surface area of porous particles and (B) inner surface area which is due to 


inner walls of capillaries and cracks in the porous particles. 


The roughness factor of the catalyst is defined as | 


i - 
Total surface area 
| Roughness factor = ————_———_- 
Outer surface area 


| Hence (i) for smooth surface, roughness factor is unity and (ii) for rough 
surface, it is very high. 
Surface area 


Specific surface area = ———._,__, _.. 
" Mass of adsorbent 
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The following methods are employed to determine the surface re 
adsorbents. 


(i) BET method 
(ii) Point B method 


a Of solig 


(iii) Radioactive tracer method 
(iv) Electron micrograph method 
(i) BET Method 


This method is extensive 


ly used for determination of surface area, The BE? 
equation is 


= Z ay versus 7 should give a straight line. This has been 


found to be so experimentally (Fig. 6.39) w 


hich confirms the correctness (validity) of 
BET equation. . 


(c-1) 


Slope = 
7 Vie 


1 
Intercept = — 
Vic 


By adding slope and intercept, we get 


Slope + Intercept = _ 


] 
* Slope + Intercept 


m 


By calculating value of slo 
equation, Vm is calculated, 


As 


pe and intercept from graph and putting in above 


22400 mL of gas at NTP contains = Na molecules 


1 mL of gas at NTP contains = Na /22400 molecules 
Vm mL of gas at NTP contains = VmNa /22400 molecules 


If A is the area of cross-section of each adsorbent molecule, i.e. the area of 
surface covered by each molecule and m is the mass of adsorbent, then surface area A 
of solid adsorbent wil] be 


7 : aed 
Surface area of solid adsorbent = N, VA “bea 
22400 
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Specific surface area = Surface area per gram of adsorbent 
N,V.A 
22400 m 
In BET method, nitrogen gas is commonly used at its boiling point (195.8 °C). 
At this temperature 16.2x10-29 m2is the area of nitrogen molecule. 


able 6.1 Estimates surface area of clean Nickel films from the physical 
adsorption of various gases 


Surface Chemistry 545 


Specific surface area = 


Area per Amount adsorbed to | Surface area of 1 g 
molecule give monolayer on 1 g Ni film 
(x10 °°) m? Ni film 


Table 6.2 Volumes of adsorbed nitrogen to form a monolayer and surface 
area of a number of catalysts 


Material Monolayer volume Surface area 
: (liter at STP g-') (m2/g) 


0.14 0.61 


Fused Cu catalyst 


Fe, K20 catalyst 930 
Cr.0; gel 
Silica gel 


(ii) Point B Method 


In this method relative pressure 
PIP’ is plotted against volume of gas 
adsorbed. The curve is shown in Fig. 6.41 
is obtained. 


Point B is the first inflexion point 
in the curve and it corresponds to the 
condition when unimolecular layer is 
formed. 


If Ve is the volume of the gas 
‘orresponding to point B, reduced to 


standard conditions (Po = 1 atm and p/P ——_> 
To = 273 K) 0 


Then PV, =nRT, _ Fig. 6.41 Plot of V versus P/P, 
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P,Vp 


RT. 


n= 


Where n is the number of moles. 


Number of molecules adsorbed = n Na 
P,VaN, 


Number of molecules adsorbed = RT, 


If A is area of cross-section of each adsorbed molecules, then total Surface 


area 1s 


Total surface area = —_A-2 8 
RT 


. N 
Specific surface area = ——4-2 = 
mRT, 


This method cannot be applied to all types of solid adsorbents and ‘gag 
adsorbates. Generally nitrogen is used in this method. The value of A for nitrogen js 


measured by using following formula 


M 2/3 
lr) 
pN, 


Where p is density of nitrogen and M is its molecular weight. 


QUESTIONS 
Q.1. The rate of catalytic reaction of two gases on solid surface is, 
ico — a 
(1+aP, +bP,) 
(i) Discuss the effect of pressure of gas A on rate of reaction at constant Pas 
under various conditions. . 
. (ii) Prove that the rate of'reaction is maximum at Pa = (1+bPp)/a 
Q.2. Langmuir adsorption isotherm for single system is 
_ bP 
1+bP 


(i) Rearrange above expression in the form of equation of straight line 
Draw a plot according to this equation. 


(1) Explain the effect of equilibrium pressure on fractional surface coverage. 


(iii) Derive kinetic rate equation for catalytic decomposition of a gas on metal 
surface when reactant gaé is weakly adsorbed. 


\ 
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Q.3. 


Q.4. 


Q.5. 


Q.6. 


Q.7. 


Q.8. 
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pee oe relation for rate of decomposition of ammonia using ‘Tempkin'’s 
The rate of enzyme catalyzed reaction is 

KEL SI 

k,, +[S] 

(i) Explain the parameters present in this relation. 
(ii) Give plot of u as a function of [S]. 
(iii) Discuss the effect of substrate concentration on rate of reaction. 
(iv) Define km in term of substrate concentration and give its units. 
(v) How can you evaluate ke and km from above expression. 
(vi) Give condition for maximum rate of enzyme catalyzed reaction. 
(vii) How can you find the value of km graphically. 
The rate of catalytic reaction of two gases on splid surface is 


aP, bP, 


Rate = ————_; 
(1+aP, +bP,) 
(i) Derive the relation for Pa in term of a and b at which rate of reaction 1s 
maximum.. 
(ii) Prove that the %age rate fall is only 11 % when Pa is twice the optimum 
value. 


(iii) Discuss the effect of Pa and Ps on rate of reaction on following conditions. 


(a) When A and B both gases are weakly adsorbed. 
(b) When gas A is strongly adsorbed. 


Differentiate the followings 


(i) Langmuir Hinshellwood mechanism and Eiley Rideal mechanism 


(ii) Adsorption and desorption 


adsorption and chemical adsorption 
herm at which 


(iii) Physical 
sure of a gas using Langmuir adsorption isot 


Calculate the pres 
fractional surface coverage is 


(i) 0.2 (ii) 0.8 


The hydrolysis of fumarate is carried 0 
fumarase as 


ut in the presence of enzyme, the 


Fumarate + HO"? L - Malate 
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Q.9. 


Q.10. 


Q.11. 
Q.12. 


Q.13. 


Q.14. 


to 


10. 
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The value of ky for this enzyme is 3x10's' and kw is 4x10 7M. 
the rate of fumarate conversion if the initial concentration of fy 
1x10 *Mand fumarate concentration is 4x10‘M. 


Calculate ¥ 
Marate is 2 


At 300 K, when the pressure of gas is 40 kPa the sample adsorbs 0.72 m 
CO. At same temperature, the mass of gas adsorbed is 0.24 mg at 8 kPa. By 
using Langmuir adsorption isotherm find the fractional surface coverage of 
surface at two pressures. (0a = 0.75, Op = 0.375) 


B of 


Adsorption of a gas on solid obeys Langmuir adsorption isotherm. At 6.7] 
kPa and 20°C gas adsorbs 2.56 mg. The enthalpy change is 10.9 J when ] 
mmol of the adsorbed gas is desorbed. What is the pressure for adsorption of 
same gas at 40°C. (P2= 14.5 kPa) 


Explain the kinetics of reaction of two gases on solid surface. 


Discuss heterogeneous kinetics of single system reactions. Explain the 
phenomenon of retardation by reactants and products. 


Discuss the kinetics of heterogeneous reactions, Explain retardation of rate of - 
reactions by products and reactants. 


What do you understand about heterogeneous kinetics? Explain the kinetics 
of a single reacting gas on solid surface. 
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Chapter 7 


__NUCLEAR AND RADIO CHEMISTRY __ 


7.1 INTRODUCTION 


Nuclear chemistry is a branch of science which deals with the composition, 
properties and reactions of atomic nuclei. It is concerned with the structure of nuclet, 
their stability and conversion into other nuclei, It deals with the study of changes in 
or transformations of the atomic nuclei and includes spontaneous and induced 
radioactivity, the fission of nuclei and their fusion, the properties and behavior of 
yeaction products, their separation and analysis. Chemical reactions or changes 
involve the transfer or sharing of electrons. However, the usual properties of the 
nuclei, mass, atomic number and nuclear structure — bear no direct relation to 
chemical reactions. In other words, the chemical properties of the elements depend 
upon the electronic arrangements of the atoms and the behavior of the electrons in 
the valence shell. Nothing happens to the nuclei of the atoms during chemical 
reactions, e.g. : 


AgNO, + NaCl——> AgCl 4 +NaNO, 


CaCO, —++Ca0+C0, T 


Consequently there can be no direct relationship between the chemical and 
nuclear properties of atoms. On the other hand, a wide variety of phenomenon are of 
interests to chemists either because certain nuclear properties provide new chemical 
tools or because differences in nuclei actually produce subtleties of chemical 
behavior. Thus, nuclear chemistry includes any of the relationship between atomic 
and nuclear structure of importance to a chemist. 


During the past eighty years much work has been done in the field of science 
dealing with the nature and reactions of fundamental particles and atomic nuclei by » 
both physicists and chemists. Nuclear chemistry has become a very important and 
fascinating branch of science due to the tremendous amount of energy liberated 
during nuclear reactions which led to the discovery of atomic and hydrogen bombs 
etc. The controlled release of nuclear energy promises to lead us into a new era, in 
which an unlimited source of energy is available to mankind. It is rightly said that 
we are now living in the nuclear age and the future of humanity is at the mercy of 
nuclear chemists and physicists. They can annihilate (destroy completely) the whole 
world within a few minutes. They are the hope of human happiness and prosperity as 
well, 


In general, the nuclear chemist is concerned with these properties involving 
similarities and differences among the isotopes of a given element. In addition to 
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‘ stable isotopes, the nuclear chemist studies unstable or radioactive isotopes by the 
applications of various techniques of radiochemistry and radiation chemistry. We 
often use the term “Radiochemistry” to describe the work with radioactive species 
whereas “Radiation Chemistry” is now limited to the chemical effects brought about 
by radiauon interactions with a system. In developing the basic concepts of nuclear 
chemistry we wiil be concerned with nuclear structure, nature of radiation and their 
measurement. identification of various isotopes, laws of radioactive growth and decay 
and applications of radiation in daily life. All of this information gin as the 
starting point for any-one entering in the field of nuclear chemistry, either . a 
specialist or as a person wishing to add its special techniques to his training. pe 
basic concepts of nuclear chemistry stem more from physics than from chemistry but 
we can say that chemistry is the bridge across which we must walk to put the atom to 

work. 


7.2 THE ATOM 


An atom is the smallest possible particle of an eleme 
chemical reaction. The present concept of the atom, gained after innumerable 
scientific investigations over many decades is.that it is composite, hence divisible and 
synthesizable with effort. It is now universally accepted that the atom consists of two 
distinct regions: the tiny central core called the nucleus having a radius of the order 
of ~10-!5 m or 10-!3cm, and the relatively extensive surrounding space referred to as 
the outer space which has the radius of the order of ~10:!° m or 10-°8cm. The millions 
of the forms of matter found in the universe are a result of the endless ways in which 
the atoms combine. . 


Our present concept of the atom includes the notion that atom consists of a 
very small, dense and positively charged nucleus surrounded by a number of 
negativity charged particles, the electrons occupying certain positions, following 
certain paths of motion. The nucleus consists of protons and neutrons, and these two 
particles are usually known as nucleons. In other wards, these fundamental particles 
protons, neutrons and electrons-constitute an atom. Of these, protons and neutrons 
are present in the nucleus and the electrons exist in different spherical shells outside 
the nucleus. The chemical behaviour of the elements is determined by the 
distribution of the electrons in the atom with particular significance being given to 
the number and arrangements of the outer-most or valence electrons. The protons 
and neutrons contained in the nucleus contribute to the nuclear properties of the 
atom. 


nt that can take part ina 


7.8 THE ATOMIC NUCLEUS 


. The nucleus is the-central core of an atom. What e actly the atomic nuclei 
’ contain is still uncertain. It was believed that the nucle contain neutrons and 
protons, which are commonly known as nucleons. But after the discovery of various 
ese nuclear particles, the nuclear Picture seems to be complicated. Nevertheless, 
t ere are several reasons which indicate that the nucleus is not necessarily be a 
mixture of all the sub-nuclear particles. All these particles do not exist as 
components of the nucleus. Since these particles have been detected in the products 


i] g : 
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The composition and structure of the atomic nucleus remained a riddle for a 
ong time. The proposal = 1898 by J.J. Thomson, that the atom consists of a number 
of negative particles moving around a sphere of positive charge was the basis for 
further: understanding of the nucleus. 


putherford’s model of atom: 
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Rutherford (1913), based on his experiment on the interaction of alpha 
particles with atomic nuclei proposed the following regarding the atom: 


(i) An atom consists of a positively charged central nucleus. 


(ii) The atomic nucleus is very small compared with the size of the atom as a 
: whole. 


(iii) | Electrons are distributed around the nucleus, whose number equals the i 
nuclear charge (positive). 


(iv) Most of the mass of the atom is contributed by the nucleus. 


(v) There are empty spaces in the atom, the spaces exist between the nucleus 
and the electrons. 


These descriptions of the atom were based on his alpha particle scattering 
experiment. Alpha particles from a radioactive source were made to hit a thin metal 
foil (Fig. 7.1). Then the changes in their paths were traced with a ZnS screen on 
which the particles produced scintillations. . 


Some of the alpha particles first passed through the metal foil. This indicates i 
that the atom has empty space. At the same time some of the alpha particles passed ' 
through the metal foil, but with large deflections. This proves the existence of electric 

fields inside the atom. The positive alpha particles experience repulsion with the. 
positive nucleus and therefore get deflected. The other alpha particles are deflected 
backwards. These particles presumably hit the nucleus head-on, and are turned 


back. This experiment led to significant understanding of the nature of the atomic 


ore TT TE 


nucleus. 


| Undeflected alpha particles 


Incident 


alpha particle | Deflected alpha particles 


Fig. 7.1. Rutherford's alpha particle scattering experiment. 


Following are some important properties of the nucleus. 


(i) Nucleus of an atom consists of fundamental particles = rutuns and neutrons. 


(ii) ‘The forces that bind the electrons to the neutrons ar lectrical or coulombic 
in nature. OM, 


(i) The size of the nucleus is measured in Fermi units 


(1 Ferma = 10 "em or 10m) 


, 
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-10 hile that of 
‘ (iv) The diameter of an atom is of the order of 10° cm one ih at a eter ted 
nucleus is 10-13 to 10-!2cem. The size of the nucleus is 


atom. 


t of electron ig 
(v) The radius of the nucleus is around 5x 10-!? cm and tha 
2.8x 10-73 cm 


¢ tom is 10- 
(vi) . The volume of the nucleus is about ie = on of a 
l f nucleus is thus 10:!2 times that of an 
aaa e order of 10!4 g/cm? 


24cm3, The 


(vii) The density of the nucleus is enormous and is of th 


(viii) Density of the nucleus is constant for any nuclide. 


7.4 COMPOSITION OF THE NUCLEUS 


his school not 
The alpha-particle scattering experiments of caarmroene ee charges, 
only confirmed the nuclear model and led to the ap : Ses wit cuns caaesias 
but also gave some information of sizes of the nuclei. sesh eects iencce cae, 
nearly the entire mass of an atom, it follows that nuclei Onl of 10! g/em®, 
ordinary matter, the density of nuclear matter is in the neig 


Any theory of the structure of the nucleus oe account ae as 
Imost the entire mass (~ 99. 
as for the charge. The nucleus contains a le er bis rhe 
j lei of characteristic charge, i-e., 
atom, and the atoms of each element have nuc 
positive charge equivalent to the number of electrons surrounding the nucleus. In 


order to explain the structure of nucleus, various hypotheses have been proposed. . 


These hypotheses may be named according to the elementary particles regarded on 
the constituents of nucleus. 


- (i) Electron-Proton Model of the Nucleus: Prior to the discovery of neutron in 
1932, it was generally believed that a nucleus of an atom was composed of protons 
and electrons. Accordingly, this is named as proton-electron hypothesis or model. 
According to this hypothesis, it was considered to assume that the nucleus, whose 
atomic weight is very nearly an integer A, contained A protons (the mass of protons 
is approximately unity on the ordinary atomic weight scale). In such a case, the 
charge of the nucleus would be equal to A, nearly the same as the atomic weight and 
not equal to atomic number Z, which is half or less, of atomic weight. Therefore, it 
was assumed that in addition to the protons, the nucleus contained (A-Z) electrons to 
make the net positive charge, i.e., A-(A-Z) = Z equal to the atomic number of the 
element. The number of electrons was considered to contribute a negligible amount to 
the total mass. It was thus possible to consider the atom as consisting of a nucleus of 
A protons and A-Z electrons surrounded by Z extra nuclear electrons. ° 


i, which cast doubts on the idea of free 
electrons as constituents in nucl 


el. Other difficulties stemmed from consideration of 
5 momentum conservation and statistics in nuclei with odd Z and even A, such 
as Ni, 
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OO 
(ii) proton-neutron Model of the Nucleus: 


In 1932, J. Chadwick discovered neutron which is a neutral particle of zero 
charge and of mass approximately equal to that of proton. (Actually it is slightly 
eater that barat proton); Since electron-proton model was not able to explain 
geveral nuclear properties, it was quickly discarded after the discovery of neutron. It 
js now believed that the nucleus is made up of protons and neutrons. Accor ding to 
this picture, the number of protons in a nucleus equals to atomic number Z, and the 
total number of neutrons and protons (collectively called nucleons) equals its mass 
number A. Therefore, the neutron number N equals A-Z. Thus nucleus of N!* is 
thought to contain 7 protons and 7 neutrons. The difference N-Z (or A-2Z) between 
the number of neutrons and protons in a nucleus in referred to as its neutron excess 
or isotopic number. , 


ee 


This theory contradicts the proton-electron hypothesis of nuclear composition. 
Since the size of the proton and neutron is much smaller than the size of the electron, 
the size of the nucleus will be even smaller than the size of the electron. This 
suggests that electron cannot exist in the atomic nuclei. Finally, since the mass of the 
neutron is very close to that of proton, the argument favouring the existence of the 
protons in the nucleus is also valid for the neutrons. The proton-neutron hypothesis 
thus explains nearly all the difficulties raised against the proton-electron hypothesis. 
This hypothesis is now accepted hypothesis of nucleus composition. 


— 
Annee 


7.5 PROPERTIES OF THE NUCLEUS i 


Nuclear Energy Levels: 


Like atomic electrons, the nucleus also exists in several energy states. The . \ 
difference in the energy gap between nuclear levels is much larger as compared to ; 
electronic levels. In general, the energy separation of nuclear levels is of the order of 
a million electron volt (or 10° eV). If Ez — E: is set equal to 1MeV, the 4 of the a 
radiation corresponding to such a transition would be about 1.2x 10!%cm. Such a A : oe 
corresponds to short X-rays or long gamma rays. Thus gamma rays are emitted due 
to transition of nucleus from higher (excited) energy level to lower level. 


Nuclear Spin: 


The neutrons and protons which constitute the nucleus are not stationary 
particles. Like our earth, they also have spin and orbital motions. The spin and 
orbital angular momenta of the individual neutrons and protons in a nucleus 
combine to give a resultant angular momentum generally referred to as the “spin” of 
the nucleus. The nucleus spin is usually denoted by I. The spins of the nuclei with 


odd mass numbers are. 


| 
| 


I = 1/2, 3/2, 5/2, 7/2 etc 
Whereas the spins of nuclei with even mass numbers an 
I = 0, i, 2, 3, 4, etc 


The spins of nuclei with even mass in.their ground state is usually 0 or 1. 
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Nuclear Magnetic Moment: | 
‘ent, A wire carrying the current 

- e carrying current. Thig 
tic field. An electron (oy 
like a small magnetic 


Motion of the electrical charge is called curt 
deflects the magnetic needle, 1f it is bruugite cal ete 
means that the motion of the charge generates a magne 
proton) is a rotating charged particle. Therefore it behaves 
dipole. Its magnetic moment is given by 


eh (7.1) 


4nmc 


N 


Ks 
and is a measure of the intrinsic magnitude of the eae pres i 
electronic charge, m is the rest mass of an electron, ¢ 18 ato ae oats ‘SGieent 
magnetic moment of an electron is called one Bohr magneton. 1ne he mass of = 
of proton can also be calculated by the above equation by sates fa ae aloe 
with that of proton. Since proton is 1836 times heavier than i , oot ee i e 
moment is 1836 times less than that of @. The magnetic moment = oo f ~ 
one nuclear magneton. The magnetic moments of nuclei are of the ae ‘ ae ba 
few nuclear magnetons. The magnetic properties of an electron are Utiizec In the 
working of ESR and that of nucleus in the working of NMR, spree. 


7.6 THE FUNDAMENTAL PARTICLES 


As discussed in the preceding section, an atom consists of protons, neutrons 
and electrons. Except the hydrogen nucleus, all other atomic nuclei contain protons 
and neutrons. After the discovery of radioactivity, a number of transformations were 

‘observed which are associated with changes in the nucleus of atom. Such 
transformations are the nuclear reactions, some take place spontaneously, while 
others are brought about artificially by bombarding the nuclei with different 


energized particles. 


The atom consists of protons, neutrons and electrons. These particles are 
called fundamental particles or subatomic particles. Several other particles such as 
positron, neutrino, mesons etc are also called the fundamental particles. A 
fundamental particle is either a constituent particle of a nucleus or one that is 
produced from a nucleus. The fundamental particles can be classified by different 
ways, based on their stability or mass. 


The fundamental particles may be classified as stable and unstable particles. 


The protons and electrons are stable particles, the neutrons and position are some of 
the unstable particles. 


Based on mass, the particles are grouped into mass particles and energy 
(massless) particles. The protons and electrons are some of the mass particles. The 
gamma ray photon, graviton and neutrino are massless particles. Besides the 


gamma-photon, 32 fundamental particles have been al 
nma-| ostulated and experiment 
verification of the identity of all but a few has been udlieoed . . 


The important properties by which the 


se particl are theif 
charge, mass and spin. A brief description of som Pp es are defined 


e of these particles is given below: 
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(i) The Electron 


The electron was the fir 

F St to be re . P P 

i 1885 s ; cognized as a sub-: . Jean 
Perrin in uggested its negative charactor, In 1897 ] J ee d Ate 


ae a : a eng of all types of Matter. The electrical charge on electron is 
4.8% ms ih : 7 is chosen as the standard unit of electrical charge. It is very 
tiny part radius of 2.82 105m. It has a spin of %. It is a stable earticks It 
has a mass of 0.00055 atomic mass unit (9.108 x10), | 


(ii) The Proton 


All atomic nuclei conta 
sespad'an wlactron + contain Protons. The electrical charge of a proton is equal to 
: a Je. Rutherford w a ag but of opposite sign. Its spin is %. It is a stable 
it = as the first to produce the proton through an artificial nuclear 
rez : 


7N" +, Het —5,0 +, H! 
(iii) The Neutron 
James Chadwick discovered the neutron by bombarding ,Be’ with alpha 
particles. ; 
be*= Me! 9,6 460! 


All the nucle: except hydrogen nucleus, contain neutrons. The neutron is an 
unstable particles outside the nucleus. It decays outside the nucleus, into a proton, 
an electron and antineutrino. 


ni ——ay HF B49 


Direct measurements of the neutron spin have shown that it is % and not 0 or 


-1as would be the case if it were composed of two particles. The present accepted 


neutron mass is 1.008665 u.m.u. 


(iv) The Positron 


It is the antiparticle for the electron. C-D. Anderson (1932) proved its 
smic rays. Its mass is same as that of electron, but its charge is 


existence in the co cee 
1 interaction with an electron it is 


unity and positive. It is a stable particle but o1 
destroyed into energy, two photons are produced. 


B* +P ——2hv 
This process is called annihilation interaction. 


(v) The Neutrino and Antineutrino 


The emission of a neutri 


decay, 


p——n+P' +v 
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Similarly, the emission of an antineutrino in a beta decay was postulated by 
him. 
on' —>P+B +0 


The emission of these particles is a necessity for conservation of nc en and 
angular momentum in beta-decays. The neutrino and the antineutrino are 1 ae 
in all aspects but with opposite spins. They have very low mass, 0.05 — 5 the 
mass of an electron. They do not have any charge and are stable particles. Neutrino 
is a component of cosmic rays. 


(vi) Mesons 


In an attempt to explain nuclear forces, Yukawa in 1934 postulated the 
existence of yet another particle with a mass intermediate between that of the 
electron and that of proton. In 1937 experimental evidence from cosmic ray studies 
was obtained by Anderson for the existence of both positive and negative particles 
with a mass 207 times that of electron. These are the » mesons or muons and the 
problem appeared solved. The properties of some of the fundamental particles are 


summarized in Table 7.1. 


Table 7.1. Fundamental Particles-Summery 
Symbol [ Charge | Mass ame) | Spin | 
=e -1 i Ys, 


Be ,¢€ 


Particle 


Electron 


Positron 


Proton 
Neutron 
Neutrino 
Antineutrino 
u Mesons 
Photon 


Graviton 


Antiproton 1.00758 


particle 1.2014 


7.7 NUCLEAR STABILITY 


The nuclides may be classified as 
Stable nuclides are those which are a 


changed only under 
particles of very high 
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curring nuclides are considered stable. (A nuclide is considered stable if it 


naturally we 
hanged up to 102! years or more. ;,Te!” has a decay period of 107! years. 


remains unc 


On the other hand the unstable or radioactive nuclides are intrinsically 
unstable and undergo spontaneous change with time forming new nuclides by one or 
e other way by rearranging or losing of their protons and neutrons. Above 2000 
nuclides including man made are known to be unstable or radioactive. 


e while the others 


The question naturally arises why some nuclides are stabl 
nuclear 


are unstable (or radioactive): in other words what are the factors leading to 
stability? A study of the characteristics of a large number of stable and radioactive 
nuclides shows the following to be some of the important factors involved. 


1, Even-odd Rule 


It is also known as even-odd nature of protons and neutrons. Most naturally 


occurring nuclides have even numbers of protons and even numbers of neutrons. i65 
nuclides fall into this category. Nuclides with odd numbers of both are least common 
(only five) and those with odd-even combinations are intermediate in abundance. 
Following table gives a summary of the stable nuclei along with the even-odd 
numbers of protons and neutrons in them. 


Table 7.2. Frequency distribution of stable nuclides. 


»He* Me™ a 
57 


30" Mg” 26Fe 


jLi? F* Cu 


HW Aa ;B’° a te” 


brings to light some interesting points, of the stable 
ave an even number of both P and N. and the least 
d N. This means that even-even nuclei are most 
least stable. This is well brought out by the 
5% of which consists of even-Z, even-N 


A survey of this table 
nuclei, the greatest number h 
number have an odd number of P an 
stable and odd-odd nuclei are the 
composition of the earth’s crust about 8 
(with % abundance in parenthesis) ,0'° (48), ,4Si'* (26), Fe™(5) 


odd-Z, even-N nuclides as 


nuclides as, 
»Ca'°(3.5), pMg4(2) and about 13% | of 
AP? (8.5), ,,Na’(2.8) and ,K*(2.5). 
2. Magic Numbers 

It has been noted that a nucleus is more stable if its neutrons and protons 


numbers are 2, 8, 20, 28, 50, 82 and 126. These numbers are called magic numbers. 
The nucleus is most stable if its neutron and proton numbers both are magic 


numbers, 


Scanned with CamScanner 


www.pdfgrip.com 


558 Advanced Inorganic Chemistry 


eg. ,He*, ,O, .Ca®.. .Sr* and Pb” etc. | 


Helium nucleus with two neutrons and two protons is exceptionally stable. 


3. The Neutron to Proton Ratio (N/Z): 


In addition to the above factors, the ratio of N/Z also determines the nuclear | 
stability. Except in the case of ordinary hydrogen (,H') , all other nuclides contain 
both neutrons and protons. A look at the stable nuclides shows that the ratio N/Z in 
them is >1. The ratio is = 1 in all the light stable nuclides up to 35 Ca®’ and this after 
the ratio is > 1 for heavy nuclei as may be seen from Segre chart (graph between Z 
and N values) 


Table 7.3 N/Z ratio in some stable nuclides 


a 150 
fe] [mem [nce [tat [42 | Sn | oe? | 
0 
0 ° 


J 7 n!22 
Z 1 10 20 30 4 50 
N 1 10 20 34 5 70 90 
1.00 1.15 1.25 1.40 1.50 


Following figure-shows a plot of the number of neutrons (N) versus number of 
. protons (Z) for the stable nuclides. 


60 


Neutron number (N) 
BSS 
So 


0 20 40 60 80 100 
Proton Number (Z) 
———_ 


Fig. 7.1. Nuclear stability graph. 
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stability ‘ by radioactive changes in the nucleus so that N/Z ratio falls within the zone 
of stability. 


Consider the nuclide with Z = 11 (sodium) the only stable nuclide is ,)Na” ° 


ing a proton by a oe sien 
Replacing 4 P y a neutron results in ,,Ne* which is radioactive (B-). Similarly 


replacing 3 neutron by proton results in ,,Mg” which is also radioactive (B")- Again 


keeping Z constant, the removal of a neutron from or its addition to ,,Na” results 


: . + . 22 - A 
respectively in B” active ,,Na” or B” active ,,Na™ 


* 


Ne? 
_ A 
Pon {poss 


bp e 
2 * ~ - 
Ne A= Nae eae st Na” at ‘i Es Me” 
y . 1 15 h 12 


n—>p :|B* 
“a B12) x = unstable 


“Mg” 0 = stable 


Fig. 7.3. Figure illustrating the effect of addition or removal of 
fundamental particles from the nuclide (, {Na”’) 


7.8 NUCLEAR TERMS : . 


(i) 
(ii) 


(iii) 
(iv) 


(v) 


_ « Following are some 


of the comnronly used nuclear terms: 


Atomic number: The number of protons in the nucleus is called the atomic 


number. It is represented by Z. 
Mass number: The sum of the number o 


nucleus is called mass number, A. 
A=Z2+N 
he number of neutrons in the nucleus is called neutron 


f neutrons and protons in the 


Neutron number: T 
number, N. 
Nucleons: Particles comprisin 
contains protons and neutrons as 
carries a positive elementary charge an 
proton or neutron is called nucleon. 
Nuclides: The terms nuclide is used to signify any one of the known species 
of atoms characterized by the constitution of its nucleus, in particular by the 
no. of protons and neutrons, in its nucleus 


or 
finite number of protons and neutrons is called 


g the nucleus are called nucleons. The nucleus 
its major components of mass. A proton 
da neutron has no charge. Either 


Any species of atom with a de 
a nuclide. 

or . 
different atomic forms of all elements in contrast to 


“Nuclides” refer to ‘ ° 
only to different atomic forms of a single element. 


“isotopes” which refer 
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(vi) Nuclide Symbol: The composition of a nucleus is indicated by its nuclide 
symbol. It consists of the symbol for element (), with the atomic number (2) 
written as the subscript at the lower left and the mass number (A) as the 


superscript at the upper left/right *E,y,x) or zB“ (U.S.A) 


eg. 3He, ON, 2° of He", .N", ..U™ 
The atomic number is often omitted, because it is uniquely determined by the 
chemical symbol. ,N'*, ,N'* ete. | 


The chemical behaviour of an atom is related to number of protons/no, of 
electrons. 


(vii) Isotopes: Isotopes are the atomic species (nuclides) of same atomic number 
Z, that is belonging to the same element, but having different mass number A 
(or having different neutron number N). In the nuclei of different isotopes of a 
given element the same no. of protons is combined with different number of 


neutrons. For example ,C’”, ,C® and ,C are isotopes of carbon, because 
they contain the same number of protons (six) in their nuclei. Similarly 
,H', ,H? and ,H® are isotopes of hydrogen. The word isotope has been used 
also in a broader sense to signify any particular nuclear species characterized 
by it’s A and Z values. =< 
Isobars: Atomic species (nuclides) having the same mass number (A) but 
different atomic numbers (Z) and N-values. A few examples of the isobars are 


76 76 
32Ge™’ and ,,Se 


(vili) 


go Hg" and ,,Pb™ 


(ix) Isotones: Atomic species having the same number of neutrons but different 
mass number and atomic number are called isotones . 


e.g.  ,H°® and ,He* (2 neutrons each) 
Si’, 4sP°! and |S” (16 neutrons each) 
wc. in”. 4" 


(x) Nuclear isomers: Atomic species having the same atomic number and the 
same mass number but differing in their energy contents or radioactive 
ag are called nuclear isomers. That is, nuclear isomers are the 
: erent energy states of the same nucleus, each having a measurable life 

| ime (except the ground state which may be stable). The isomers as denoted 

as ,X* and ,X*". (m = metastable) 


For example three radioactive, speci 
. ( ’ cles Oo ‘ 
min. have assigned to Sb!24 P f half lives 60 days, 1.3 min and 21 


Sb (60 days) "mISb (1.3 min) and 122g (21 min) Z 
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gxample fs 1. 


Determine the number of i 
protons, neutrons and electrons in a 2!°Pb?*ion.”' 


solution. 


. The atomic number of lead is 82, which means this ion contains 82 protons. 

gince it has a charge of +2, this ion must contain 80 electrons. Because neutrons and 

rotons both have a mass of about 1 amu, the difference between the mass number 

(210) and the atomic number (82) is equal to the number of neutrons in the nucleus of 
atom. This ion therefore contains 128 neutrons. . 


Example 7.2. Classify the following sets of nuclides as examples of isotopes, isobars 
or Isotones. 


Oo Be, 26 ve 
Gd» Ate pKa GEA 


Gi)  “c, “Nn, So 


Solution: 
(i) Isotopes, because they all contain six protons. 
(ii). © Isobars, because they have same mass. . 


(iii) Isotones, because they have same number of neutrons. 


7.9 NUCLEAR ENERGETICS 


It is an experimentally observed fact that the mass of an atom is always 
lesser than the sum of the masses of its constituent particles such as protons, 
neutrons and electrons. Now the question arises why this mass defect occurs? And we 
also know that this mass deficiency is in the nucleus of an atom and has nothing to 
do with electrons. However, since tables of masses of isotopes include the electrons, 
we should also include them. The difference between the mass of an atom and the 
sum of the masses of its constituent particles is called the mass defect. The mass 
defect of an atom reflects the stability of the nucleus. It is equal to the energy 
released when the nucleus is formed from its constituent particles. The mass defect is 
therefore, also known as the binding energy of the nucleus. 
isotopes, the mass defect is only about 0.15% or 


A helium atom, for example, contains two 
‘he mass of a helium atom therefore should 


For most naturally occurring 
less of the calculated mass of an atom. 
protons, two neutrons and two electrons. 


be 4.03296 amu. 
2(1.00727) amu = 2.01454 amu 
2(1.00866) amu = 2.01732 amu 
Total mass = 4,03296 amu 


um atom is measured, one can find that the 


When the mass of a heli 
experimental value is smaller than the predicted mass by 0.03036 amu. 
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Predicted — = 4,03296 amu 
Observed mass = 4.00260 amu 
Mass defect = 0.03036 amu 


For ,°O, this difference is 0.13709 amu. 


What has happened to the mass represented by the mass defect? 


In 1905 Albert Einstein postulated the special theory of relativity in which he 
stated that matter and energy are equivalent. This was the basis of our combination 
of the laws of matter and energy. This means that matter can be transformed into 
energy and vice versa. The first transformation occurs in the sun and other stars and 
was first accomplished on earth when controlled nuclear fission was achieved in 
1939. The reverse transformation, energy into matter, has not yet been accomplished 
on a large scale. A Einstein stated that the equivalence between matter and energy 
could be related by simple mathematical reaction: 


E = mc? (7.2) 
Where E.is the energy released, m is the mass transferred into energy andc 


is the velocity of light in vacuum (3.00x 108 m/s). The binding energy serves the 


function for nuclear reaction that AH° does for the chemical reaction. It measures 
the difference between the stability of the products of the reaction and the starting 
materials. 


A mass defect represents the amount of matter that would be converted into 
energy and released if a nuclide was formed from its initially separated nucleons. 
This energy is the nuclear binding energy. The binding energy can also he viewed as 
the amount of energy that must be added to take the nucleus apart to form isolated 
nucleus. It is therefore literally the energy that binds together the nucleons in the 
nucleus. 


The vinding energy of a nuclide can be calculated from its mass defect with 
Einstein’s equation that relates mass and energy. For example, binding energy of 
helium nucleus can be calculated as follows: 


Mass defect = 0.03036 amu 
or Mass defect = 0.03036 x 1.66 x 10:27 kg 
. = 5.04 x 10°*kg (.. Lamu = 1.66 10-27 kg) 
Velocity of light =3x 10° ms: 


E =me 


i 


9.01x 10x (3x 104)2 
4.53 1012 J 


a Binding energies are usually expressed in units of el. *. ins volts (eV) or 
million electron volt.. (MeV) per atom. 


beS 2 1602-100) 


OO 
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4.53x10? 
1.602107" 


or E = 28.30 MeV/atom 


rn 


Hence If 


= 28.30 10° eV/atom 


Obviously this much energy must be supplied to disrupt the nucleus of 


nelium. (This has never been done). 


Calculations of nuclear binding energy can be simplified by using the 
following conversion factor between mass defect (amu) and the binding energy 18 
eV. 
M 1 amu = 931.50 MeV (7.3) 


; , 4 ies. For 
Binding energies per nucleon are called average binding energies 


example, average binding energies of helium nucleus is 7.03 MeV. 


—- 


Binding ene ‘gy per neucleon 
(MeV) 


0 so. 100 150 200 250 
Mass number 
—— ny 


Stable 


(MeV) 


, \ 


Fusion 


Binding energy per neucleon 


Fission 


250 


in Mass number ———> 


Fig 7.4. Average binding energies as a function of mass tiumber 
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When Na is the Avogadro constant (6,023 x 1023), 


The mass in gram of 1 amuis 


Bt. 1 
Ny 12 6.023x1023: 


=1.66x 10% - | - | 
= 1.66x 10-2%kg | 
E =me? 
E  =(1.66x 10-27kg) (3.0x 108m/s)? 
E =1.492x 1010J 
leV = 1.66x 1019J 


1.492x107!° 
———————— V 
1.60x107! 

| 9.315x 108 ev 
| 

= 9.315 102 MeV 


one amu = 


lamu =931.5 MeV 
Example 7.4. 


Calculate the binding energy per nucleon for $He. 


Solution: 


The binding energy for }He is denoted by the equation 


Sum of the masses of constituent particles on L.H.R. of the equation. 
= 2(1.00866) + 2(1.00727) 


= 4.03296 amu (.. mass of @ is ignored) | 


| 4 
| 2n+2p+2€——>2 He (atom) + binding energy 
| 
| The actual mass of }He = 4.00260 amu 

| 


| 

| Mass defect = 4.03296 —- 4.00260 = 0.03036 amu | 
2 03036 amu = 0.30306x 931.5 MeV | 

| | 

| 


| = 28.30 MeV 
There are 4 nucleons (2p + 2n) in the nucleus of 3He. 
| 
t 


| Therefore, the average binding energies is 


=—— = 7.07 MeV 


| _ 28.30 
4 : ’ Pt 
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Example 7.5. | , 
Masses of Li, SLi an 'n are 7.016 amu, 6.015 amu and 1.0087 amu, 


i, Peley 2 
Respectively. Calculate the binding energy of the pn in ;Li in Mev. 


Solution 
Mass of SLi =6.015 amu 
Mass of }n  =1.0087 amu 
Total mass = 7.0238 amu 
Mass of {Li =7.0160 amu 


Mass defect = 7.0238 — 7.0160 = 0.0078 amu 
B.E. of jn = 0.0078 x 931.5 
= 7.265 MeV 


7.10 NUCLEAR MODELS 


In the case of nuclei, the law of force between the nucleons in not well 
understood. Thus we do not have any exact theory of the structure of a nucleus 
composed of Z protons and N neutrons interacting together with attractive exchange 
forces as will as electrostatic repulsions between the protons. The best way we can do 
is to work with simplified models known as nuclear models. The basic features of 
such models are that the nucleons maintain their identities in the nucleus and do not 
fuse together and the nucleons are bound by short range nuclear forces. . 


1. The Liquid Drop Model: 


The liquid dr 
Bohr in 1936, and further developed by Boh l, was first proposed by Niels 
is largely based on the ob on Gc ee independently Frenkel. It 
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Thus nucleus can be considered as an incompressible liquid with very high 
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evaporation oo —s from the surface of the nucleus commences in the 
way as that of the molecules from the surface of the liquid drop, the difference lies in 


the fact the characteristics of remaining molecules are different from the parent one | 
| 


density: po ater g/cc near its boiling point. As the nucleons are added to the fi 

nucleus (analogous to the situation when temperature of the drop is increased) the | 
game 

4 

} 


whereas the remaining drop of the liquid is simply new form of the parent drop. 


The liquid drop model has been employed with great succes® in the 
etation of intra-nuclear forces and of nuclear transformations. The merits of ls 


jnterpr . : 
del in the satisfactory explanation of various nuclear phenomena are given 


this mo 
below , 
(i) It provides mechanism for low energy nuclear reactions. . I 
(ii) The phenomenon of nuclear fission has been explained satisfactorily with the fl 
help of this model. 


The calculation of nuclear binding energies and the study of properties of i 
:sobars have been made successfully on the basis of this model. 


(iii) 


However, the liquid drop model has following limitation. 


satisfactorily the stability of the lighter 


(i) This model does not explain 
elements, e.g. 7H, $Li, 5B etc. 
(ii) This model is unable to explain nuc 


energies associated with certain magic numbers of eith 
This led to the development of nuclear shell model in 1949. 


| 
| 
lear isomers and abnormal high binding 
er protons or neutrons. | 
| 
] 


9, Nuclear Shell Model: 
oposed by M.G. Mayer (1949) and modified by Haxel, 

The model presents a systematic form of nuclear model. — 
n the fact that the nucleons (proton + neutron) are 
te energies levels or shells satisfying certain | 
h shell or level accommodates a definite number | 


of nucleons of one kind (either proton or neutron) and is regarded as the closed or 
filled shell. Thus protons and neutrons are arranged is separate closed or filled 
shells, These closed shells allow the spin-orbit coupling of each individual nucleon in 
a shell but no interactions with nucleons of the other shell. This model could explain 
successfully the nuclear properties such as stability, abundance, binding energy, 
‘spin, magnetic moment etc. of certain nuclides containing the definite number of 
nucleons, namely, 2,8,20,50,82 and 126. Since these nucleon numbers apparently 
represent closed shells in the nucleus, model is also referred to as nuclear shell 


model, 


This model was pr 
Jenson and Suess in 1950. 
The shell model is based 0 
distributed in a number of discre 
quantum mechanical conditions. Eac 


ane The correlation between various nuclear properties and the magic numbers 
indicates the possibility of shell structure in the nucleus. According to the shell 
ee, protons and neutrons are arranged into separate shells within the nucleus, 
ike electrons in an atom. We know that in atoms, each shell accommodates a certain 
nesta number of electrons, viz, 2,10,18,36,54 and 86, and is regarded as a filled 
r closed shell, In an analogous manner, protons and neutrons form separate closed 
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shells within the nucleus when their number equals, 2,8,20,50,82 and 126. These 
numbers are reformed to as magic numbers. Nuclei having filled shells are more 
stable than the nuclei with unfilled shells. 

The existence of magic numbers has been interpreted as an indication of a 
shell structure in the nucleus. The shell model compares the nucleus to a shell made 
of independent particles with small interactions caused by their movement in a 
common field of force. The nucleons are assumed to move in a definite orbits outside 
the nucleus and to have very little interaction with each other. They also obey Pauli’s 
exclusion principle, according to which no two nucleons can have the same values of 


four quantum numbers. 
According to shell model, in an even-even nucleus, the protons and neutrons 
. should remain as paired resulting in the cancellation of one another's spin and 
orbital angular moment and hence such nuclei should have resultant nuclear angular 
moment equal to zero. As even-odd or odd-even nucleus should give half integral 
angular momentum and an odd-odd nucleus should yield integral total angular 
momentum. These observations are in good agreement with the experimental data. 


The shell model has the following merits. 

(i) This model has been applied successfully to explain many nuclear properties 
such as stability, binding energies, relative abundance, neutron absorption 
cross section etc. of nuclei at nucleon magic numbers. 


(ii) The spin and parity of odd mass number nuclides can be determined from the 
_ odd nucleon in nuclei. 
(iii) The correlation of the nuclear isomerism with magic numbers has been 
interpreted in terms of shell model. 


(iv) The magnetic moments of odd-A nuclides depend on the single unpaired 
nucleon. The identical spins and closely similar magnetic moments for certain 


groups of two or three isotopes with odd-A and odd-Z have been explained on 
107 


the basis of shell model. For example, };’ Ag and | Ag 

The basic idea of shell model is that the nucleons behave as though they were 
confined in a common potential well and they interact with each other only slightly. 
This is directly opposed by the liquid drop model, which implies a strong interaction. 
Shell model is, however very useful in B- decay, in isomerism study and nuclear 


reaction studies. 


- 7.11 RADIOACTIVITY 


_ The phenomenon of radioactivity was discovered by H.Becquerel in 1895. He 
observed that when a photographic plate wrapped in black paper was exposed to 
certain uranium salts, it was fogged. He concluded that fogging of the plate was due 
to the radiation emitted from the uranium salt. Subsequently, it was shown that 
radiation can cause ionization of air and is not affected by factors like temperature, 
pressure, chemical environment or source of uranium, The spontaneous emission of 
radiation of this type by an element is called radioactivity and the element which 
exhibits this behavior is said to be radioactive. The name radioactivity was proposed 
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a Polish pupil of Becquerel, Marie 
scientist Marie Curie, the recipient of oS eee incr neers Hessians 
8. 


In 1898, Marie and ' 
, adioactivity of man ee husband Pierre Curie undertook the systematic study 
:. de, U30 y substances. They noted that the chief source of uranium 
(pitehbien ah 4 hoe elements which had greater activity than uranium By 
chemica’’ ae ods, adam Curie succeeded in isolating from st mineral two nest 
ir eee fe polonium and radium. At the same time Madam Curie (France) 
and G ; =e ies « ermany) independently discovered a new radioactive element, 
tharrum es erne in 1899 discovered a new element actinium which was also 
radioactive: SP then, the systematic investigation has been brought to light about 
forty elements which show characteristics of radioactive elements. A large number of 
other elements have found to become radioactive by special methods. , 


| 

| 

| - o oe began investigating the nature of the radiations emitted 
from a 10ac _ ements. He showed that the radiations were composed of three 

types of rays; the alpha rays (a) the beta rays (f) and the gamma rays (7). 


Characteristic properties of these three types of radiations are given below: 


o —particles 


Lead shield 


y —Tays 


Radioactive 
sample 


B — particles 
Electric 
field 


Fig 7.5. The effect of an electric field on a, B and y rays. 


} 
| Alpha Rays 
(i) Nature: The deflection of @—rays in an electric or a magnetic field shows 
that these are positively charged particles. Furthermore, it has been shown 
by Rutherford and T. Royds (1909) that an alpha particle carries two units of 
| 
| 


positive charge and has a mass approximately four times than that of the 
r words the a-—particle is a helium nucleus 


hydrogen atom. In othe 
nd two protons (3 He). 


consisting of two neutrons a 
(ii) Velocity: Alpha particles generally move with a velocity ranging from 1.4 to 


2.0x 107 ms". 
(iii) Ionization: Since alph 


speeds, they have there 
energy, the alpha particle 


e large mass and move with high 
e kinetic energy. Due to this large 
5 cause ionization when passed through a gas. 


a particles hav 
fore, considerabl 
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(iv) Luminescence: The o-—particles cause luminescence when they strike a 
zine sulphide screen, and have intense photographic activity. | 

(v) Penetrating Power: Alpha particles have smaller pig a and | 
are stopped by a sheet of paper or by a thin foil of aluminum or W cm of 
air at atmospheric pressure. 

Beta Rays . . 

(i) Nature: The deflection of B—particles in an electric or a ra re field 
shows that they are negatively charged particles. Their e/m an the same 
as that of the electron indicating P—particles are actually fast moving 
electrons. 

(ii) Velocity: The velocity of 8 — particles is approximately equal to that of light. 
The average value being 2x 108 ms"!. a 

(ui) Ionization: Due to smaller mass, ®-—particles have low ionization power 


“e 


= 
ae 


(v) 


+.g, Because of their small.mass the 


AS effect on zinc sulphide plate. On the other hand, their photographic activity is 
_ Sreater than that of B—particles, perhaps; it is due to the production of X. 


£~ 


than & — particles. 


Luminescence: Due to their low kinetic energy, B—particles have very little 


rays being produced by the absorption of $ —particles, by matter. 


Penetrating power: Due to their high speed, B—particles are more 
penetrating than @ — particles. Their penetrating power is about 100 times 
more than those of &—particles. B—rays are stopped by 3 mm of lead. 


y are easily deflected from their path by an 
electric or a magnetic field. 


Gainttha Rays: 


. (i) 


(ti) 
(iii) 


(iv) 


(v) 


analogous to X-rays. Their wavelengt 


Nature: Gamma rays are uneffected by electric and magnetic fields, hence 
they are not charged particles. They are electromagnetic radiations 


hs lie in the range of 10-10 to 10:3m and 
hence have shorter wavelengths than X-rays. 
Velocity: They travel with extreme] 


y high velocity, 
that of light. Fae ae 


which is nearly equal to 


Luminescence: G 


amma rays rod 
Photographic plate. on gene 


© very little effect on zinc sulphide and 
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12 DETECTION AND MEASUREMENT OF RADIOACTIVITY 


Decaying of a radioacti ‘al ; ‘ 
standard unit of radioactivity is thule (5, aiehse dis per “ ensatty? — 
amioactive vantarial which wide Bxi6 dicion si as that gece ag 
disintegration per second is abbreviated as dps. One my ‘endis te jee onde oes 
3,10 10'° disintegrations per second and is also sus to oan Curie in ee 
activities are expressed in terms of megacuries, curies, millicuries and cio 


1 curie (Ci) = 3.70 1019 dps 
1 millicurie (mCi) = 3.70x107 dps 
1 micrcocurie (uCi) = 3.70x 104 dps 


The SI unit of radioactivity is Becquerel (Bq) which is defined as the activity 
due to one disintegration per second. 


1Ci =3.70x 1019 Bq 
1 Bq =1 disintegration per second. 


. The activity of a radioactive material per unit mass is called its specific 
activity. It is measured in counts per second or counts per minute. It is a measure 0 


relative abundance of radioisotopes, since radioisotopes occur in mixture with stable 


isotope. 

The detection and measurement of radioactivity of any sample is based on 
the detection, jdentification and measurement of the radiations emitted by the 
sample. Some methods employed for the purpose are described below: 


(i) Photographic Methods. 
(ii) Gas Ionization Methods. 
(iii) Scintillation Methods. 


1. Photographic Methods: | 

Detection of radiation by photographic method is also ,known as 
autoradiography. Autoradiography is a photochemical process. It was the one used by 
Becquerel in 1896 in the discovery of radioactivity. In this method, ionizing radiation 
interacts with the silver halide in photographic emultion. When a radioactive 
material is placed near photographic film or plate, a blackening will be produced on 
development of the emulsion. The blackened areas constitute a self-portrait of the 


activity in the material. The intensity of the blac 
with a densitometer) at a given place will be a function of exposure time and the 


amount of activity in the sample at that place. 

The method of autoradiography is particularly suitable when the distribution 
of. a radioactive compound in biological material is to be studied. However, 
precautions should be taken that there is no chemical or pressure effect of the 
material on the emulsion as this may also produce an image. Autoraidography is 
frequently applied to the determination of the components of a paper or thin layer 
chromatogram, but detection of radiation on a quantitative basis by this method is 


difficult and tedious. 
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2. Gas-lonization Methods 

When radiation passes through a gas, some of the energy is transferred to the 
gas molecules, which may be ionized into positive ions and electrons. If an electric 
field is applied, these ions and electrons can be collected before they have the 
opportunity to recombine (Fig. 7.6). The magnitude of the resulting current can be 
correlated with the amount of radiation initially responsible for the 1onization, An 
ionization chamber is a device in which an electric field is applied just sufficient to 
collect all the ions and electrons produced in the volume of the gas between the 


electrodes. 


Cathode 


Neutral gas 
molecule 


Power 
supply 


e@cation 


O Electron 


Radioctive 
source 


Registering 
unit 


Fig 7.6. Radiation detection by ionization. 


A common gas ionization counter is the Geiger Muller Counter which is 
shown in Fig. 7.6 In fact, it is also an ionization chamber in which the cathode is 
cylindrical and a thin tungsten wire fixed along the axis of the cylinder or tube shell 
serves as anode. Radiation enters the tube through a thin window made of mica. The 
tube is filled with a gas, usually argon at low pressure. A working potential of about 
1200 volts is applied between the inner wire and the outer tube. When ionizing 
radiation enters through thin mica window, interacts with the filled gas to produce 
positive ions and electrons. The positive argon ions (Ar+) move to the cathode and the 
electrons to the anode. The counter generates a pulse due to the free electrons. 
Amplification of the pulse from each ionization causes a clicking sound in a 
loudspeaker or activates a digital counter that registers the amount of radiation 
entering the tube. A chart recorder may also be attached to the circuit to give a 
graphic display of the intensity of radiation versus time. This counter is generally 
employed for the detection of B and Y- rays, although its modified form could be used 
for & — particles, protons, neutron and X-rays photon: 


Merits —_ 
(i) This technique is very sensitive. 
(ii) It produces a large pulse Which requires no further amplification. 


(iii) The pulse size is independent of the nature of incident radiation. 


~ 
= 
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imitations 
(i) It is very sensitive for very high counting rates. 
(ii) It is unable to give information about the nature of particle detected. 
Anode ARGON AND 
Window —___ C,H,OH VAPOUR 
| BESS Ee? “>\ INSULATOR PLUG 
| DitiiHiiin fii) 
Radiations——> PEiiiih: ey Ge : 


-~s*e eee ee mee ee TO 
AMPLIFIER AND 
RECORDER 
i { 


Fig 7.7. The G.M. Counter 


Cathode 


3. Wilson’s Cloud Chamber 


Wilson developed a cloud chamber in which the tracks of charged particles 
can be seen. The principle of this technique is that when a gas containing vapours at 
saturation pressure is expanded suddenly it gets cooled and becomes supersaturated. 
In presence of dust particles, droplets are formed around the dust particles. In a dust 
free atmosphere condensation could be produced on a negative ion present in the gas 


and expansion of gas is made 1.31-1.4 times its volume. 


The Wilson’s Cloud Chamber consists of a 
cylindrical glass chamber, C. It is provided with a 
glass plate cover and a perforated metal plate 
base. The metal plate is covered by a dark velvet 
cloth V. Water is sprinkled on velvet cloth to 
provide water vapour to saturate the air in the 
chamber, C. The rubber diaphragm D forms an 
air-tight seal between chamber C and: space S 
below it, A is an evacuated container kept closed 


by a piston P Fig 7.8. 


When a piston P is withdrawn, the space S ; 
is connected to the container A. The pressure in S Fig. 7.8. Wilson’s Cloud 
suddenly falls. This pulls down the diaphragm D, Chamber 
and the air in the chamber C undergoes expansion. After expansion, container A is 


closed by the piston P and air is slowly admitted into the space S through a small 

re V. The diaphragm R goes to its original position. The pressure in the chamber 

; reverts to its original value. The second perforated plate B is kept below the 
iaphragm D and expansion ratio adjusted. 


illum: The water droplets are condensed on charged ions. The Chamber is 

Seong and tracks can be viewed through the top glass plate and photographed 

home potential difference is adjusted to 100V and electric field sweeps the ee 
e chamber. The chamber is then made ready for next operation. 


Ec 
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___ Alpha-particles ionize to large extent and produce thick tracks. Beta particles ! 
ionize to less ionization and tracks are thin. 


Demerits 

1. - Itis not practicable to build Cloud Chamber lar 
path of an extremely high energy particle. 

bble chambers or photographic emulsions have to be used tg 


ge enough to show the entire 


2. High energy bu 
f observe the tracks. 
3. The Cloud Chamber is less sensitive as the duration of super saturation is of 


the order of one second. 


4. Scintillation Methods 

substance which emits a small flash of light when struck by 
s are particularly suited for the detection of 
d high atomic number of the crystals used. 
dide (activated with Tl) have been the 


A scintillator is a 
a fast charged particle. Solid scintillator 
gamma rays because of high density an 
Some alkali halides, in particular sodium io 
most useful. 

When a gamma photon is partially or totally absorbed in the scintillation 
crystal, at least one fast electron is liberated (photoelectron, Compton electron or pair 
production electron). The electron causes ionization and excitation along, its path in 
the crystal. When the excited atoms return to their ground state, they emit light 
photons, the number being proportional to the gamma photon energy that is 


absorbed by the crystal. 


- Light reflector 


Electronic, 
counting 
system 


Radio active” Photomultiplier Tube 


Radiation 


Phosphor 


Fig. 7.9. Scintillation counter 


In the so-called photo multiplier tube, a photosensitive layer or photocathode 
is optically coupled to the scintillation crystal. The light flashes produced in the 
crystal cause electrons to be liberated from the photocathode. The photocathode is 
followed by a series of electrode stages (dynodes), each at a potential more positive 
than that of the preceding one. Thus photoelectrons released from the photocathode 
surface will be attracted to the first dyode and will gain sufficient kinetic energy '0 
release several secondary electrons from the surface. This multiplication proc? 
occurs at each stage and at the end of ten or more stages a very large num er of 
electrons will arrive at the anode. The size of this pulse of electrons will Dé 
proportional to the original gamma ray energy absorbed in the crystal. 
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7.13 [INTERACTION OF IONIZING RADIATION WITH MATTER 


Radiation chemistry deals with the study of chemical changes produced in a 

tance by the action of ionizing radiations. The common ionizing radiations are 
alectromagnetic high energies radiations X-rays, gamma rays and carpuscular high 
energies radiations such as electrons protons, neutron, electrons, alpha particles, 
nuclear fission fragments, recoil nuclei resulting from nuclear reactions, fluxes 0 
accelerated multiple charged ions etc. Radioactive substances possess natural 


jonizing radiation. 


gubs 


charged particles are 
jes used 1n radiation 
of that substance. 
les of the medium 
ergies because 0 
m, which leads to 


Protons, electrons, alpha-particles and heavier 
celerated on interaction with a substance at energ 
chemistry. This is mainly due to interaction with atomic electrons 
This process results in the ionization of the atoms and the molecu 
as well their excitation. High energies electrons lose their en 
inelastic scattering on the electrons and atomic nuclei of the mediu 
the ionization of atoms and molecules. | 


X-rays and gamma rays lose their energies throug 
ie., through photoelectric effect, Compton scattering, t 
electron pairs (pair production). The pair production process 
protons with energies 1.02 MeV. The atoms of the medium ge 
photoelectric absorption and Compton scattering. 


. Neutrons only interact with atomic nuclei. This interaction involves ela 
and inelastic scattering, nuclear reaction with the emission of charged particles or 
photons and nuclear fusion also. Maximum loss in energy occurs as atoms with a 


mass equal to the mass of a neutron, i.e., an hydrogen atoms. in elastic scattering, an 
excited recoil nucleus 1s formed. The latter is stabilized through the emission of a 


gamma ray. 
Nuclear reactions and nuclear fission are accompanied by the emission result 
of fast heavy charged particles or photons of high energy. All these processes in the 
ionization and excitation of atoms and molecules of an energy absorbing medium. An 
interesting point about radiation chemistry is that the out come of an ensurin 
chemical reaction may depend, not only on the material irradiated, but also upon a 
type of radiation used. This is due to the fact that different types of radiation will 
produce different concentration of the activated species. Alpha particles, with ~~ ‘ 
high energy and short range, produce a much greater concentration af ions nd 
excited molecular species which interact with one another, than do i panticls 


which have a much longer path. 
All types of ionizing radiation initiate two principal prim 


deac 


h photoelectric absorption, 
he formation of position- 


t ionized in case of 


stic 


ary processes. 


(i) The ionization of molecules (atoms) 
M——>M* +e, 
(ii) The excitation of molecules (atoms) 


M——>M 


These primar i 

and lary processes are almost independent of the type 

generally a pair of ions is formed for every 34 eV of absorbed a 
. [he positive 


a 
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mal velocities, these partic; “ 


ions, excited molecules and electrons having ther kind of radiation or ae in 
secondary chemical process, which depends on the © adiated material. Une” 
density, its intensity and the composition of the IF * “NStable 


; é ion or some times into 
molecular ions decompose into a free radical and an 107 4 Stable 
molecular ion and another molecule. 


M* —+R, +R} 


M*—>»M/'+M, 
Stable positively charged ions can interact with the ee molecules 
with transfer of charge or formation of new ions and radicals throug 1on-molecule 


reactions. 
M* +M,-—>M; +M 
or Mt 4M, oR? +R, ‘ 
Slowed down electrons neutralize positive ions or are capture by molecules 
having great electron affinity. 


M*t+€—>M° 
M+e——>M- 
M+é€——>M, +M, 
Negative ions recombine with positive ions, forming the excited molecules. 
Mj +M; —>M, +M, 


The negative ions can also undergo reaction similar to those of positive ions. 
Excited molecules undergo decomposition into stable molecules, radicals and ions. 


M’ —>M, +M, 


radicals, ions or molecules formed in the secondar 
surrounding molecules of the medium and leads 


processes, to the occurrence of many chemical , 
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the processes 


jecular crystals, the stabilization of excited states is similar to 
ccurs without 


curring in non-polar liquids. In ionic-crystals, neutralization of ions 0 
- jJacement of atoms from lattice points with the formation of various types © 


jattice imperfection. 


714 RADIATION DOSIMETRY 


We know that the radiation loses its energy by snteraction with matter. The 
loss can be quantitatively measured. The energy loss is generally expressed in 
uantity-of radiation energy absorbed. The determination of this quantity 
constitute radiation dosimetry. Before we describe the method for measurement 0 
the quantity of radiation, it is essential to consider the units employed for expressing 
the radiation energies absorbed by the matter. 


energy 
terms of q 


units of Radiation Energy: 


The amount of energy absorbed is usually called the dose. The dose is 
enerally expressed in terms of total ionization produced in a given volume of air or 
other substance. Several units have been adopted to express the absorbed dose. The 
absorbed dose of any ionizing radiation in the energy absorbed per unit mass of the 
irradiated material. The unit of absorbed does is the rad; 1 rad is 100 ergs per gram 
of the material. The SI unit for absorbed dose is joule per kilogram (J kg!) which is 


given the special name Grey (symbol, Gy). 
1 rad = 0.01 Gy = 0.01 d kg" 


The absorbed dose rate is the absorbed dose per unit time and has the units 
ys). The absorbed dose is a direct measure of the energy 


diated material that is capable for producing chemical or 


ed both by the characteristics of the radiation field and 


Grey per unit time (G 
transferred to the irra 
physical change, it is determin 
the composition of the stopping material. 

The measurement of radiation dose-either absorbed dose or_exposure dose 
can be carried out by primary or absolute and secondary méthods. Primary methods 
involve direct determination of exposure or absorbed dose from physical 
measurements of the energy absorbed (by calorimetry), the ionization produced in a 
gas, or the charge carried by a beam of particles of known energy. Primary dosimeter, 


are often not suited to routine use and i 
ionization chambers and chemical dosimeters) whose response to radiation is known 


from comparison with primary dosimeter, an generally used. We will discuss only 


these two methods. 


1, Ionization Chambers: 


Measurement of ionization produced in a gas by radiation have been used for 
the purpose of dosimetry since the discovery of X-rays. Ionization dosimeter retains 
its position because of its convenience and accuracy for measurements of exposure 
and absorbed dose ionization is measured by means of an ionization chamber (which 
May be either primary) or 4 secondary instrument) consisting of two electrodes 
separated by a gas filled space in which the incident radiation produces ionization A 
potential is applied to the electrodes to attract the ions to them and the resulting 
current or the discharge of electrodes ig measured by some appropriate means. The 


quantity obtained in this way 15 the exposure, from which the absorbed dose can be 


2 
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calculated if the composition of the medium and energy or energy spectrum of the 
radiation is known. 


In the absolute ionization measurements, i.e., in the wall-less air filled 
chambers, there are some practical difficulties as to the collection of all the ions ang 


to the uniformity of the electrical field, producing the electronic equilibrium in the 
air. | 


The most frequently used secondary type is the air wall chamber in which 
small volume of the air is surrounded by a much thinner layer of the solid materia] 
with the same chemical composition as air, referred to an air equivalent materia] 
such as Bakelite, Lucite and Nylon. The ionization produced per unit mass of air jg 
therefore, exactly the same as that produced by the same flux of X-rays or gamma 
rays in a wall-less chamber. Ionization chambers of secondary types are to be 
standardized at different wave lengths by the use of standard “wall-less” chambers, 


Thimble ionization chambers are included in this type of secondary 
dosimeter. The thimble ionization chamber is the Victorian condenser meter in which 
a small volume of the air is enclosed by a Bakelite cap, which is made conducting on 
the inside by coating of colloidal carbon, and in the center is an aluminum electrode 
insulated from the cap: The exposure dose of X-rays or gamma rays can be measured 
conveniently by the use of this ionization chamber. 


The absorbed dose, Da, in dry air, or equivalent material, exposed to X-rays 
or gamma radiation and in electronic equilibrium can be calculated from the 
observed exposure, Xa, if the mean energy require to form an ion-pair in air, Wair, is 
known. ; 


= . 
7 X,(C kg’) Wair (J) Gy 


(7.3) 
e(C ’) 


Da 


where e is the charge on electron. the quotient Xa/e measures the number of 
ion pair, each formed by the energy absorption of Wair. Wair is generally used in eV. 
Thus 


: GY 
jin eeemren eh ares eg) _ ai oxi 2 el 


C 
= — x 6.2415J 
Da ke : ion pair eV J/kg 


Da = 33.85Xa Gy . (7.4) 
2. Chemical Desimetery: 


In the preceding section, we saw that the radiation dose from ionizing 
radiations can be measured approximately by employing physical methods which 
consist of measuring the ionization produced in a gas. It is however, possible to 
determine directly the energy absorbed by measuring the radio chemical yield 1" 
some appropriate system. We confine our interest here to chemical dosimetry. I” 
chemical dosimetry the absorbed dose is determined from the chemical change 
produced in a suitable substance. Calculation of the absorbed dose requires @ 
knowledge of the radiation chemical yield (G) for the reaction or product measure’ 
which is found by comparing the chemical system with some form of physi 
(absolute) dosimeter. A common quantitative measure of the efficiency of the 
radiation chemical effect is the number of molecules transformed for each 100 eV of 
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are 

e 
sing the 
aqueous 


rbed, called the G Value of the reaction. Chemical dosimeters 


yefore, secondary dosimeters, used because of their greater convenience. 


the ma. 
ity they an is the average absorbed dose in the material compo 
. Generally aqueous dosimeter are used of the sample is an 


solution, 4 biological material, or an organic substance. 


Due to large number of chemical systems that may be used fo 
it is useful to list some desirable features in a chemical desimeter, 


ortional to the radiation 
f the energy 


r chemical 


dosimetry, 
(i ‘The magnitude of the chemical change should be prop 
dose over, be wide range of dose, and independent of dose rate, 0 
and intensity of the radiation, and of temperature. 


It is desirable that the system should be relatively insensitive to the presence 
of impurities and to the nature of containing vessel. 


(ii) 


A chemical dosimeter should be stable under normal conditions and 


reproducible. 


(iil) 
(iv) ‘It should-be simple to use. 


(v) 


The dosimeter should be easy to prepare from standard shelf regents and 


solvents. 
in the composition of 


The response should not be dependent on minor changes 
on of reagents or pH 


the dosimeter, e.g. upon small changes in the concentrati 
of the solution. 


(vi) 


dosimeter fulfills all these requirements. Of the chemical 
sysiems the Fricke, or ferrous sulfate dosimeter is the most frequently used 
dosimeter which comes closest to meet these requirements. At present this is the best 
and most widely used chemical dosimeter. Other systems may be superior for some 


purposes. 


In practice no one 


Fricke (Ferrous sulfate) Dosimeter: 

measuring the extent of oxidation of an acid solution of 
ferrous sulfate to ferric salt, in the presence of oxygen and under the influence of 
radiation. The standard dosimeter solution contains 1x 103 M ferrous sulfate or 
ferrous ammonium sulfate, 1x 103M NaCl in 0.4 M H2SO, (pH 0.46) and is saturated 
with air (the concentration of oxygen is about 2.5x 10-4 M); the concentration of the 
reagent is not critical and small variations in above values are acceptable. 


However, the solution slowly oxidizes and should not be stored for more than 

a few days. Fricke proposed this system as an X-ray dosimeter, choosing 400 mol m-$ 

H2SO4 as solvent so that the response to X-rays should be same as that of standard 

S lonization chambers over a range of X-rays energies. To protect oxidation of 

nica ions against sensitization by organic impurities, NaCl is added to the 

os solution. But the addition of NaCl is not necessary if both the water and 
reagents used are purified exhaustibly. 


To determine the absorbed dose, a sample of Fricke solution in a thick 


This consists in 


., Container is exposed to the radiation at the desired spot for a measured length of 


ti ; f° : 
ime and the yield of Fe%* ions 1s measured specterophotometrically at 304 nm (Am 
. ax 


ee 
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for Fe3* ions). The relative extinction coefficients may be taken € (Fe**) 


220.5+ 0.3m? mol-! and e (Fe?*) = 0.1m? mol", or the resulting concentration of Fea 
ions may be determined by comparing the optical density of irradiated and nop. 
irradiated dosimeter solutions at 304 mm at which Fe ions should have maximum 
absorption with respect to concentration of Fe%* ions. For any dosimeter in which 
radiation induces a chemical change, the mean absorbed dose (Dp) over the volume 
occupied by the dosimeter is given by 


. . . . k 
— yield of radiation incuaed product (mol/kg) Gy (7.5) 
radiation chemical yield (mol / J) | 


7.15 RADIOACTIVE DECAY 


Radioactive. or nuclear decay is a process in which a parent nuclide 
disintegrates into daughter nuclide(s) with the emission of radiation or particles, In 
the preceding sections, we learnt that the radioactive elements undergo spontaneous 
transformation accompanied by the radiations. This transformation is related to the 
nature of radioactivity and termed as the disintegration (decay) process. For a 
particular atom of a radioactive element to disintegrate the length of the time 
interval is of importance. The disintegration of radioactive element for unit interval 
of time, i.e., the rate of disintegration is of great help to determine and identify the 
radioactive species. 

While discussing the nuclear stability, it was seen that only certain 
combinations of protons and neutrons produce stable nuclei, whereas others do not. 
Unstable nuclei decay by emitting alpha (a), beta (B) and gamma (y) radiations. 
‘The emission of these radiations by unstable nuclei in their decay process is called 
radioactivity and the decay process is called radioactive decay. Radioactive decay or 
radioactivity is not influenced by chemical or physical means, i.e., we can neither 
‘retard nor accelerate the rate of radioactive decay by use of heat, pressure, electric 
fields etc. Not all the three radiations (a, B and y) are emitted by the same nuclide in 


radioactivity. Usually a radioactive nuclide emits a-particles and y-rays or 
B-particles and y-rays. Of course there are several exceptions to this rule, like 


aH, PC, *2P etc. These nuclides emit only B- rays and are called pure B- emitters. 
There are various processes by which an atom can alter its proton-neutron 


ratio or decrease its atomic number. Following are some of the important modes of 
nuclear decay. 


1. Alpha Particle Decay 


The a- particle is made up of 2 protons and 2 neutrons. Its charge number is 
2 and mass number is 4. Therefore, if a nuclide emits a- particles, its charge 
number is reduced by 2 and mass number by 4, because both the charge and mass 
numbers are conserved during the nuclear transformation. Alpha decay can be 
expressed by the following generalized equation. 


A = 
2X— > SFY + 4He+Q 


SS 
% 
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energy is shared 


ith the laws of 
nucleus 


e Q is the amount of energy released in a - decay. This 
4 q- particles and the residual nuclide in accordance W 
on of energy and momentum. During a-decay, the daughter 


conserva left in the periodi 
0h jaces to the le t in the periodic table. 


Wher 


are radioactive and are 
th few exaptions) decay 


All nuclides with atomic number greater than 83 
ticle is relatively large 


ond the band of stability. Many such nuclides (wi 


te ar ee 
Joc® commission. This is not unexpected, because a- par 
rticle nd a nucleus which emits such a particle must itself be large- Some 
eamples of a— decay are given below: 
238 
sy —+» BTh+« 
226 
20Ra — jg Rn+& 
210 po ~=—> 9)°Pb + « 
a Pu —> “ie U+ea 
oy Pb —— a Hg+« 
Some of the isotopes of uranium (Z = 92) and elements of higher atomic 
number, (the transuranium elements) also disintegrate via spontaneous nuclear 
leus splits into nuclides of intermediate masses and 


fission 1n which a heavy nuc 
neutrons. 


9, Beta-Particle Decay 
g of beta- 


There are several decay processes which come under the headin 
decay. 

(i) Emission of electron by the nucleus or B — decay 

(ii) Emission of positron by the nucleus or * — decay . 


(iii) Electron capture by the nucleus. 


(i) B” -decay: 
. We know that electron (negatron) and positron do not constitute the nucleus. 
coe are they emitted by the nucleus? They are created in the nucleus only at 
ones of emission. When a nucleus has an excess of neutrons than required for 
oe nucleus in a -particular region, then it will be unstable because of the 

iency of protons. Such a nucleus will achieve stability by changing its neutrons 


to ; 
Protons. It is represented in the following way: 
n—— >pt+p +v- (antineutrino) 
formed is shifted one place to the right in the 


she The daughter nucleus, thus, 
10dj at 
odic table. 8 — decay can be represented by the generalized equation. 


.x—> duY+Bh +v +Q 


Di 
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The energy Q released in the process is shared between the electron and 
antineutrino and they carry away part of energy. B - particles may have energy 
between zero and certain maximum value. 

8" -decay is common over the entire range of nuclides and amongst the | 


naturally occurring heavy radioactive nuclides and in fission products. Some common 
examples are: 


asRa = ——> 9p Ac +B” 
39'Th ——> g)*Pa + Bo | 
6C —>¥N+B 
isP > 8+" | 
t1Na —> 7}Mg+B" 


Number of neutrons can also be decreased (less common) by neutron | 
emission. It simply decreases the number of neutrons by one, without changing the 
atomic number. A light isotope is formed. 


a I —> lan 
rN = » PN «ah 


(ii) B* — decay: 


When a nucleus has more protons than permitted by neutron: proton ratio for 
stable nuclide in certain region it will be unstable. Such a nucleus will achieve 
stability by converting its protons into neutrons. 


P—+n+* +v (neutrino) 


A positron has the mass of an electron, but a positive charge. Positron decay 
can be represented by the following generalized equation. 


2X—> 4, Y+Pt+040 
The energy released during B* 


By changing a proton into neutron, p 
atomic number and increase in the nu 


in the mass number. Some examples of 


~ decay is shared between B* and v particles. 


ositron emission results in a decrease in the 
mber of neutrons by one, without any change 


B* - decay are given below. 
. i9K —> gar + Bt 

pO —+ 7N + pt 

fiNa —4 faNe + pt 


45 7. 
2Ti — +» Sc + Bt 


Scanned with CamScanner 


www.pdfgrip.com 


Nuclear and Radio Chemistry _583 


(iii) Electron Capture (EC); 


A nucleus which is deficient in neutrons decays either by f* - decay or 
electron capture. In electron capture, 


. a nucleus captures one of its own orbital 
electrons and emits a neutron. Because : 


ons ! a K-shell electron (less often the L- shell) is 
captured in about 98 % of the events, this process is often called K-capture. The EC 
can be represented as 


P+€—+n+v 


In electron capture decay, the charge number of the decaying nucleus is 


yeduced by one, its mass number remains the same. EC is represented by the 
generalized equation. 


Aw, = 
7X+E€—> Pat +v 


Both B* - decay and EC result in reducing the charge number of the decaying 
nucleus by one and shifting the daughter nucleus one place to the left in the periodic 
table. The difference lies in the fact that in the EC process as the name implies, an 
electron of the outer sphere of the same atom (K-shell)*is captured by the nucleus 
leading to a transformation of proton into a neutron. The, outer electrons, now one 
less in number, just balance the nuclear charge which is also one less now. No other 
change is involved following electron capture, except from the emission of X-rays 


which are produced by the rearrangement of outer electrons. The emission of X-rays 
is a characteristics of daughter nucleus. 


Both these processes usually occur in the same nucleus. In some cases where 
sufficient energy (1.022 MeV) is not available for the creation of B* - particles, EC is 


the only process of decay. Decay by EC occurs as an alternative to all B* — decay, the 


converse is not true except under the conditions of resulting mass loss exceeding two 
electron masses. Examples of EC are given below: 


~ 


Fe+e — > }{Mn+v 
IS Agte —> Pdtv 
= 7 
Arte — >» TCl+u 


Some nuclides undergo both EC and positron emission. 
2Na+e  —> igNe (3%) 
22 Na —» 7?2Ne+B* (97%) 
3. Gamma Emission: 


The emission of a-— particles may leave the daughter nucleus in an excited 
State. This excited state usually loses this excited energy by the emission of short 
Wavelength radiation called gamma radiation. This radiation has definite energy. 
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Since both the mass number and charge number of the de-exciting nucleug dog i | 
change. It is also known as nuclear de-excitation. 


Parent nucleus 


o or B— Particles 


Excited state 


y-Tays 
Daughter nucleus 


Ground state 


Fig. 7.10. Emission of y—rays during a radioactive decay. 


4, Internal Conversion (IC) 


De-excitation can also occur by the method of internal conversion. This is 
possible when two levels have the same total angular momentum and when gamma 
transition between them is forbidden. Under such conditions the excited nucleus may 
interact with an.orbital electron in such a way that the excitation energy is 
transformed to the orbital electron, which is then emitted. This type of electron 
conversion is called internal conversion (IC). Electrons from the IC are mono- 
energetic (have same energy) and thus differ from electrons of B-decay (which 


usually have energy from zero to maximum). This is possible as the wave function of 
the electron is not zero inside the nucleus. If the energy, of conversion electron 
exceeds the binding energy. Es of the orbital electron, the electron is ejected with a 


kinetic energy, Ee, 
Ke = (Ei — Ep) — Ep 
or Ee= E, — Es — : (7.6) 


Where E, is the gamma transition energy being the excess energy of the 


initial and the final energy. Since the K-shell electrons are closest to the nucleus, 
these are usually involved in internal conversion. The conversion electrons produce 4 
series of mono energetic lines, and not a continuous spectrum as in B- emission. 


5. Isomeric Transition (IT) 


Nuclides having excited levels but do not decay instantaneously are callcd: 
isomeric nuclei. The various excited levels are called isomeric levels. ‘fey decay 
either by gamma emission or by internal conversion. The transition leading to the de- 
excitation of such levels is called isomeric transition (IT). The decay of ®Co by 
isomeric transition is shown below. The half-life of isomeric level is 10.6 min. , 
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pax 


a deter eae bel 


60m Cy 
10.6 min t 
IT (0.059 Mev) ‘ 
60Cp 5.27 years 


Fig. 7.11. Decay scheme by IT of 60mC, | 


7.16 KINETICS OF RADIOACTIVE DECAY 


Radioactive nuclei decay by first order kinetics. The rate of radioactive decay 


t depend on the physical or chemical state of the sample. Since radioactivity 1S 
dioactive nuclide will emit the same type of radiation at 
its temperature, applied 


The rate of decay at any 


does no 
qa nuclear phenomenon, a ra 
the same rate, regardless of its chemical composition, 


or the presence of electrostatic or magnetic fields. 


pressure 
instant of time 1s proportional to the number of radioactive atoms present. 
_aN oN 
dt 
dN 
or : -——=AN 
dt 


Where N is the number of atoms remaining at any time t. 4 (lambda) is a 


stant called the decay constant and is characteristics of the given 
nts the fraction of total number of atoms of radioactive element 


and is often expressed in recl 


proportionality con, 
element. It represe 
transformed per unit time, 


The above equation can be written as 


procal second (s"!). 


dN 
—-~—=Mt 7.8 
N (7.8) 
On integrating Eq. 7 8 we get 
dN 
oo at 
InN=-at+Z (7.9) 


Where Z is constant of integration. When t = 0, then N = No, where No 


represents the initial number of atoms. So 


Z =1n No 


(7.10) 


Substituting value of Z into Eq. 7.9, we have 
In N=-At+In No 
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or ti N'-In No=aXt 


or rs ents 
0 


or In Lae 
N 
or ice ty 
t 
or A= a tog (7.11) 


Equation 7.11 is the required kinetio expression for radioactive decay and is 
identical with the first order kinetic equation. Equation (7.11) can be written in the 
exponential form as 


In B, =-At 
No 
or i et 
N, 
or N=Noe™! (7.12) 


Equation (7.12) represents the exponential form of the decay law. 


Example 7.5, A radioactive element decays with a decay constant of 2.0x 10-4 1, 
How long will it take for 0.50 g of the substance to decay to 0.10 g? 


Solution 

A =2.0x104s7! 
No = 0.50g 
N=0.10g 

On applying Eq. 7.11 

t 
2. 
or = “ log No 
2.303 


0.50 _ 
or ie are eens a | cS he 
2.0x10—4 og 0.10 8047.15 seconds. 
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417 HALF-LIFE AND DECAY CONSTANT 


According to law of radioacti 
ae as active disintegrati ; 

= ‘ gration, the tom 
sony of the nee - H ny given period of time. This Le eer aie = 
Sa rciventence, the time is , for example, would decay in a given period of time. 
vignette 4. Thie ds called Li Ce of the atoms to decay is frequently 

; e. It i ae 

radioactive atoms are reduced to half of their Racha pci the time in which the 


It is equal to the time i 
naif of the ties os Te. required to reduce the activity of a radioactive element 


It is the time required for the disintegration rate to decrease by 56%. 


A radioactive substance emits o,f or y-rays during its decay. The 


radioactive decay is a random process and one could not predict which atom will 


decay next or which particular atom will decay. It may decay immediately or it may 
not decay for million of years. Therefore, if we are dealing with one atom of a 
radioactive element, we cannot tell how old it is. Since we cannot talk about one atom 
we can talk only group of atoms. the larger the group, the more accurate will be the 
results. We take a known number of radioactive atoms (say, 20,000) and wait till 
such time that half of these (10,000) have decayed into daughter elements. This time 
is called the half-life time of that particular radioactive element. 

ty of the element, shorter the 
ber of atoms that are 
decay constant ()) is 


Half-life period is a measure of the radioactivi 
half-life period of a radioactive substance, the longer the num 
disintegrating in unit time. It is denoted by tz. Its relation to 


given as. 
According to decay laws 
N 
_ 2.303 bee Ne 
t N 


when t= ti, then N = No/2 


— 2.303 log No 
2-4 N,/2 


~ 0.693 7.13 
or 2 (7.13) 


ecessary for half of the quantity of a 
t, independent of the initial amount 
ive element. Half-life is a useful 
Thus if half-life period of 


Iculated and vice versa. 


shows that the time n 
onstan 


radioact 
dioactive species. 
onstant can be ca 


Equation (7.13) 
radioactive element to disintegrate, is C 
present and characteristics of the given 
property for the identification of various ra 
a radioactive element is known, its decay © 
The half-life periods of different radioactive elemen 
fraction of second to millions of years. 
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1x 10-6 seconds 


3x 10-7 seconds 


19.7 minutes 


19.7 years 


4.5x 109 years 


1.3 x 10!9 years 
Determination of Half-life and Decay constant 


Half-life (ti) and decay constant (2) are characteristics of a given 
radioactive element. Since A is a constant, hence life period of a particular 
i nt of the amount of radioactive element or its initial 
concentration. It must be kept in mind that no sample of a radioactive element can 
ever decay completely, converting all the nuclei into daughter elements. This is 


because in any half-life period only one-half of the existing nuclei decay. In other 
words, it will take infinite time for the entire sample to decay, 


Half-life of a radioactive elemen 
decay. The rate of decay or activity o 


If we determine the number of 
atoms decaying per unit time (A) of a 
given sample of radioactive substance 
experimentally and plot a graph t 
between log A and time, a straight line log A 
plot is obtained, as shown in fig. 7.12. 


Stope = - 0.4343) 
According to decay law 


N 
2.303 log | — | =~) 
(=). 


0 Time —> 
Fig. 7.12. Radioactive decay curve on 4 
oF 2.303 log ta =-ht semi-log paper 
0 
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or log (4) ___At_ 


A,) 2.303 
or =. = 0 4 ; 
: = —0.4343 At 

or log A= log A, - 0.4343 At (7.14) 


y = mx + c. The 


Equation (7.14) is an equation of straight like of the type 
Iculated. 


slope of this line will be — 0.13132. By knowing 4, the tie can be ca 


am = 2:53 
r 
Example: 7.7. The half-life of radium is 1590 years. How long will it take for a 
sample of radium to decay to 10% of its original radioactivity? 
Solution: 
t% = 1590 years. 
— a 
Let No =a, N=— 
10 


A= oes = 4.36x10~ years” | 
1590 


= —_ In _4_ = 5280 years. 
436x107 a/10 
ginal radioactivity remains. 


After 5280 years 10% of the ori 


No =1,N= (1-0.01) = 0.99¢, t = 50 seconds 


Thus aac! tae 
t N 


| _402x107s" 


= 


or A=—I! 
0.99 


' 0.963 0.963 
Half-life = ve = 3240 seconds 
alf-life = “~~ 9.92x10™ 
95% of its activity in 110 minutes, 


Example 7.8. If a radioactive substance loses 


what is its half-life? 
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Solution 
t = 110 minutes 
Let No = 100, then N = 100-95 =5 


x a In No 
N 
or gee ty ee = 0.02718 min! 
110.5 
0.963 0.693 


= 25.44 minutes 


t o— = 
2X -:0.02718 


7.18 AVERAGE OR MEAN LIFE 


According to decay law the rate of decay is proportional to the number of 
atoms of a particular element present. As disintegration proceeds in a given sample 
the number of its atoms goes on decreasing. This process of disintegration will, 
therefore continue for an indefinite period. Total decay period of an element . 
therefore infinity. Use of total decay period for radioelements would thus be 
meaningless. Thus to differentiate between the radioactive elements, we define g 
quantity known as average or mean life instead of total decay period or life period, 
mean life is reciprocal of the decay constant (i). It is represented by t. 


| 


7... 


Theoretically the average life of a radioactive element is found by multiplying 
every possible life period “t” from zero to infinity by the number of atoms having that 
expectation of life and then dividing by the total number of atoms present at the 
beginning. 

or 


The average life period of a particular radioactive element is found by sum of 
the times of existence of all the atoms divided by their initial number. If N is very 
large, then sum may be approximated to an equivalent integral. Thus 


* t.dN 
T=- N (7.15) 
0 0 
According to decay law 
AN 9 
dt 
-dN =4N. dt (7.16) 


Since dN atoms. decay in time dt, therefore the life time of these atoms lies 
between t and dt. As dt is very small interval of time we may assume that these 
atoms have lived for time ‘t’. Hence the half life time of these atoms is equal to t-dN. 
By substituting Eq. (7.16) into 7.15, we get 


| 
\ 
| 
| 
, 
| 
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t= ft ren dt 
0 


ao 


wen J te “at .. is constant (7.17) ‘ 
0 


Equation (7.17) can be solved by integration by parts 
fuav =uv- [vdu (7.18) 


Let t= uso that dt =du and e™ dt = dv 
-At 


-At 
. e e . _f. nt - > 
Which gives v= oe ts [qv = [e dt rl 


—at |” © .-At 
T=A E | =x (si 
. -x y 3 -r 


1 [-’0 _ ,-A(0) 
0 _ -e 
r=-ae™ -(-)0-5 [8 
| a ed 
| i ee 
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I ra 
T=— ail 
a ive) 
l 
le: gas 
0.693 
e°=] 
or T=1.443xt)/> 


In is obvious from Eq (7.20) that mean life is greater than the half life by a 
factor of 1.443. The mean life can be easily calculated if half-life is known. 


7.19 THEORY OF RADIOACTIVE DISINTEGRATION 


Rutherford and Soddy (1903) postulated a theory of radioactive 
disintegration. According to their theory nuclei‘ of radioactive elements are unstable — 


For example, when uranium 1 with A = 238 an 
yield uranium Xi, the mass should decrease by four units to A = 
charge by 2 units to Z = 90. Since the nuclear char 
electrons which are no longer necessary will also be lost and we obtain 
of A = 234 and Z = 90, which is an isotope of thorium. 


U, — UX, +Q 


es 238 99 Th? a 5a! 


UX; —> UX, +p> 


or sg Th" 5am +B 
(24.1 d) (1.18 m) 


elements are formed, has been amply (on large scale) verified, and is a well 


Scanned with CamScanner 


www.pdfgrip.com 


Nuclear and Radio Chemistry 593 


The transformation brought about by the emission of an a or B particle from 


Jeus is summarized in the Fajans-Sodyd-Russelt displacement law. This 


he nuc ; 
| jaw states oa nies a parent nucleus emits an a - particle, its atomic number ‘ 
jg decreased DY wo units and the new element is shifted two positions to the left in ( 
f 
3 


riodic table from that of the parent. On the other hand, when the parent 
d hence the 


g example 


the Pe 
nucleus emits a B—particle the atomic number is increased by one, an 


| product is shifted one place to the right in the periodic table. The followin 
will illustrate the law. 

(i) Polonium (ssPo?®) is in group VIA of the periodic 
a- particle, it is transformed into radioactive lead (s2P 
IVA group, 1.e, two places to the left of parent element. 
resulting in the formation of 
i.e., one place to the 


table. On losing an i 
b2!1), which belongs to 


Radioactive lead (s2Pb?!!) emits a B- particle, 
radioactive bismith (ssBi?!!), which belongs to group VA, 
right of parent element. ‘ 
resulting in the formation of s4Po?"!, 
ht of the parent nucleus. 


(ii) 


(iii) Radioactive bismith emits a B- particle, 


- which belong to group VIA, 1.e., one place to the rig 
There examples are summarized in the following table. 


er 


Pe weer —_ 


| 

| | 

| Here 4 Po!>, and gsP0 are isotopes, while att", gn and Por are 
isobars. From this we conclude that a B- particle emission results in the formation of 
| 


an isobar while an isotope ts produced as a result of the combined emission of one 
alpha and two beta particles. Radioactive elements may undergo successive 
disintegrations to give a chain of species known as radioactive decay series. There are 
three different series of naturally occurring radioactive elements. There is a fourth 


series for the artificially produced radioactive elements. 


} 
| 
(i) | 
The uranium series , 
| (ii) The Actinium series Natural 
| (ii) The Thorium series 
(iv) The Naptunium series Artificial 
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she Thorium 


The Urani'™ The Actinium 
Series (1,2 ) S-ries Series (tip ) —— 
DN ie ‘ 237 
U 235 th aaNp 
i‘ 9 - o” Yeas) ‘ 
= | ssa Years) a} ees a 
234.! a 
[ 226 Pe 
A | (245 days) B | (67 Ycary) : 
sat 
234 233 
P, 228 U 
et artis a9 Ac = 
i (1.14 min) B | (6.13 hows) ‘’ 
aa 229 
U 228- + 
” “ Ac 0 Th sada 
‘ a B a | (1.19 Years) le 
@ 1 (2.7210 Yean) | 
22) ¢: 224 225 
230 ry, a Fr ag Re ag Re 
90 \ 
P p G1 | (3.64 days) p 
1 (8.3210 Years) a as - 
22 aghn 89 Ac 
26 
88 Ra u 
1 (56 seconds) a 
a 620 Y 219 
| ( cars) 86 An 216p, 221 ml 
a7 
222 R, a 
86 ® | & | (0.13 seconds) le 
215 P 
a] (3.8 days) ? a2 = 
218 [° 03 
BA Po 21 * | 06 ‘i 
on 82 
@ | (§ min) 212 20 
\ a3 Bs ; ith 
It} 60.5 mi 
214p, - - fi s inutes) y 
9 
b | 43 8 Po (arom 2084 
(26.8 min) Seconds 74a rs 
h. a F a” 
208 (3.1 minutes) 
2138: 2i1p, g2P> p 
p | (19,7 min) f (Stable) a I 
214 | 
4 Po | 207'1n, J 
‘ rd 
a (1.5010 te sy) we i, 
(Stable) : 
8 (22 Year) (Stable; 
Bi 
Bl (s days) 
210 
0 Pe 
a days) 
“U2 Pp 
(stable) | . 
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From ane series, it may be noted that expulsion of an a- particle and 
subsequent expu aus of two B~particles brings the element back to the same 
position in the periodic table. i.e., isotopes are formed. 


7.20 ARTIFICIAL OR INDUCED RADIOACTIVITY 


We know that some radioelements such as uranium, thorium, radium etc are 
din nature. They are called natural radioactive elements and their radioactivity 
ig called as natural radioactivity. The naturally occurring radioactive substances 
were the only available for study until 1934. In January of that year Irene Curie 


(daughter of Merri Curie) and F-Joliot discovered that it is possible to make a 
ns. They studied 


sium with 


high energy %- particles from polonium. This very important discovery of artificial 
radioactivity came in the course of their experiments on the production of positions 
by bombardment of these elements with a — particles. The Curie-Joliot discovery was 
that the boron and aluminum targets continue to emit po 
a-source and that the induced radioactivity in eac 


characteristic half-life. 


Much earlier, in 1919, Rutherford had produced nuclear transmutations by 
a - particle, bombardment and the new phenomenon of induced radioactivity was 
quickly understood in terms of the production of new, unstable nuclei. From B, the 
unstable nucleus N!3 is produced (the stable nitrogen nuclei are N'*, N15) from Al, the 
product is PS? (the only stable phosphorus is P#'). 


At the time that artificial radioactivity was discovered, several laboratories 
had developed and put into operation devices for the acceleration of hydrogen ion and 
helium ions to energies at which nuclear transmutations were produced. In addition, 
the discovery of neutrons by J. Chadwick in 1932 and the chemical concentration of 
deuterium by G.N. Lewis and R.T. Macdonald in 1933 made available two additional 
bombarding particles which turned out to be especially useful for the production of 


induced activities. 
Since that time, many such elements have been observed, and it has been 


found that, the emissions may involve not only positrons, but electrons and 
y- radiations. Since this type of radioactivity does not arise spontaneously, but must 


be brought about by preliminary appropriate bombardment, the phenomenon is 
referred to as artificial or induced radioactivity. 
or 


ting an atom into a radioactive atom by 
ticles is known as artificial radioactivity. This 
alled transmutation of an element. 


The phenomenon of conver 
bombarding it with a fast moving par 
conversion of one element into another is c 
tificial radioactivity is just like the natural 
laws. Hence, the term artificial radioactivity 
bstances are prcduced rather than to 


It must be noted that ar 
radioactivity, since it obeys the same 
refers to the way in which new radioactive su 

their decay. 
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In each instance the elements exhibiting induced radioactivity are unstable 
isotopes of the known elements. They do not appear among the stable ae | 
because their life-period is usually short, and hence it 18 hardly to be expecte re | 
they will be found in nature artificially radioactive elements behave very muc 1 | 
those which are naturally radioactive. They disintegrate in each a Se 
to the same rate law, and exhibit this constant half-life periods Sfaip mes of ae 
element in question. Further, although, some artificially SE ae Sees 
produced by several different methods, once formed each element decomp ano e 
same rate and has thus the same life period. There is, however one aspect in which 
the two do differ. Whereas the natural radioactivity is confined only en very 
massive nuclei: artificial radioactivity can be induced in light nuclei as bere i uA me 
only Bi2?!9, Ph209, Pb205 and Au!% are artificially radioactive but also such lig nue ej 
as H3, He®, Be? and C!9, 


At least one radioactive isotope is now known for every element poe 
periodic table, and some elements have as many as 20 or more. The measured half- 
lives range from a small fraction of microsecond to many millions of years. 


As a result of great deal of investigation, it has been found that artificial 
transmutations of the elements can be brought about by various projectiles e.g., 
a— particles neutrons, protons, electrons etc. and that proton is not necessarily one 
of the products. In nuclear reactions, a projectile particle is required and a light 
particle is produced in addition to the other product. A nuclear reaction is written as 
follows. 


N'* (cc, p) so” 


Signifying that « - is the projectile and proton is the particle produced, where 
the nucleus bombarded is 7N'4 and the product is 30!7. 


Table 7.6 some artificially radioactive elements. 


Method of production | _Half-life | Emitted Radiation 


12 year 


0.022 sec 
20.5 min 
6000 years 
10.1 min 
2.1 min 
14.8 hours 
2.55 min | 


7.5 min 


4 days 


en ee 
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gUCCESSIVE RADIOACTIVE DECAY AND RADIOACTIVE 
7.2) | QUILIBRIUM o 


The decay of a radioactive nucleus may result in the formation of a daughter 
nucleus which is also radioactive. The radioactive daughter in turn decays thus 
pecoming parent to produce a new daughter nucleus which may be stable or 
radioactive- When such a radioactive sample is analyzed for its activity, the situation 
pecomes complicated because of the further disintegration of the products. The rate 
of decay of the parent substance must represent the rate at which the product 16 
formed. Since, the product itself disintegrates, and the rate of disintegration of this 
roduct increases with its accumulation, ultimately a stage is reached when the rate 
of formation of the product will be equal to the rate of disintegration of the product. 
The equilibrium thus obtained is called the radioactive equilibrium. This stage may 
be mathematically designated as, 


GN; _ Nz _ GN3 (7.21) 


597 


dt dt dt 
Since for any substance “dN = AN, therefore 


AyN, =A2N2 =A3N3 


iN 
or N ei a = 
Ny Ay tie 
Hence do _ (ta) ang Nig (tyy2)) (7.22) 


A, (ty2)2 Ny (ty2)2 


Hence at equilibrium, the various constituents of the system will be present 
in the ratio of their half-life periods. Thus the attainment of equilibrium depends on 
the average life periods of the radioelements involved. The shorter is the life, the 
more easily the equilibrium state is obtained. In any radioactive series, some 
elements can be found, which has very long life and hence attainment of equilibrium 
will take a very long time. The true equilibrium can be expected in minerals only. For 
examples in all U-minerals, the U : Ra ratio is found to be constant indicating 
thereby that the equilibrium exists in the sample, and also that the radium (Ra) is a 
disintegration product of the uranium. 


Another characteristic of the radioactive equilibrium is that at equilibrium 
all the radioelements disintegrate at the same rate. For example, radium emits an 
a-particle and among its disintegration products, three other also emit 
a~ particles. Since all of them disintegrate at the same rate at equilibrium, hence 
the no. of a-— particles emitted by the sample will be four times than emitted by 


radium alone. 


The radioactive equilibrium differs from chemical equilibrium in one respect 
viz. the radioactive equilibria are not reversible. 


Let us take up the general case for the decay of a radioactive species ‘A’ to 
produce another radioactive species ‘B’ which further decays to ‘C’ which is stable. 


445 B= ct 
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A, and A, are the decay constants of A and B respectively. Let Ni and N, 


represent the no. of atoms of A and B respectively present at time t and NY and N} 
be the number of A and B respectively at zero time, then 


= oh, Wi (7.23) 


Which on simplification gives 
N, = No ew Alt (7.24) 


Now the second species “B’ is formed at the rate at which the first decays, 
A, N,, and itself decays at the rate A, N, thus the net rate of decay of ‘B’ is. 


dN, 
dt 


Putting the value of ‘Ni’ from (7.24) into (7.25) we get 


dN, _ Ay NP efit aa Ns 
dt a 
dN “ 
= +A3N> =A, NO ev! (7.26) 
To make L.H.S of equation (7.26) exact differential, let us multiply this by 
dot 
(34 - 


dN ; f 


or e’ 2 ae, ft N, > e*2! = A\NP ent! x e2! (7.27) 


For this linear differential equation of first order we assume a solution of the 
form Nz = uv, where u and v are functions of t, differentiating we obtain 
d 
—(uv) = oes ot 
dt dt dt 
‘d 


Aot oe 
ale 2 Np) =A,N? e Aye ef! 


d rt i j 
= (2 Na) = AyNP e220 


d ez! y zs 0 (A3-2 yt ‘ 
| ( 2) fang e at on integration we get 


at “ (7.28) 


mero 
ase = 
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Where C is constant of integration which can be evaluated by applying the 


nditions that when t= 0, then Nz =0 


= ~ tee eee 


initial at 
A, NP 
0 = | | ° Oo ; 
hy a, e°+C e°= | 
0 
C= AWN, 
Ay -Ay 
Putting the value of C into 7.28 we get 
0 0 
e§2' No = AWN elh2-Ait - AWN; (7.29) 
Aa Ay hy -Ay 


Dividing both sides of 7.29 by e”2! 


Ag -Ay Ay -h, 
2s MiNi Ait —hot 
or Tr ve 2") 
N5 : Ay N? (eo -*') (7.30) 
do — i] 


to considerations of radioactive (parent and 


In applying equation 7.30 
ding on which of the two 


daughter) pairs, we can distinguish two general cases, depen 
substances has the longer half-life. 


(i) Transient Equilibrium: 


If the half-life of the parent element is 
of the daughter element by a small factor (abou 
more), the state of so called radioactive equilibr 
At this stage, the ratio of the disintegration ra 


constant i.e., 


greater (but not very large) than that 
t 10) rather than a large factor (10? or 
ium is called transient equilibrium. 
tes of parent and daughter become 


ae hy <Aq or Ay >A, 
¥ Ay A» 


It means that when t becomes sufficiently large, e*2' is negligible compared 


with e™', then 


N> = A2_ nO et! 
Ay -Ay 
and since N, = NH ett 


ee Lee 
5 MT 
| 
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No At 
Nis Ag=Ay 

or BL a 
N3 Ay 

or NiAy = N>A, = N>A, (7.31) 

N. N,. ' — 

Since —= or — is constant, therefore the above equations indicates a state 

2 


of equilibrium; but the equilibrium is transient because N: and Nz both decay at the 
decay rate of parent element. That is, in transient equilibrium also the daughter 
decays with the half-life of parent but its activity is larger than the parent. 


(ii) Permanent or Secular Equilibrium: 
. If the decrease in the activity of the parent is insignificant during many half. 
lives of the daughter i.e., if the half-life of the parent is many times greater than the 


daughter or A,>>>A, then the equilibrium is called permanent or secular 
equilibrium. 


or 


A limiting case of radioactive equilibrium in which A, <<<4, and in which 
the parent activity does not decrease measurably during many daughter half-lives is 
known as secular equilibrium. 


l | 
— >>—, then A, <<A, or A, >>A, 


Ay Ag 


It means that after t becomes sufficiently very large, e~*2' becomes 
negligible. 


N) = Ay NP ent 


N> a1 et Se Le >> Ay 
A2 
r 
N> = *. N,=NP eM 
2 
BM 
Ni Ag 
or Nohy = NiAy | (7.32) 


Equation 7.32 indicates a state of equilibrium in which no of atoms (Ni and 
Nez) of two elements are inversely proportional to their decay constants. That is, 1” 
secular equilibrium, the activity of daughter will be equal to that of parent; and the 
daughter will decay with the half-life of the parent. . 


Scanned with CamScanner 


www.pdfgrip.com 


Nuclear and Radio Chemis 601 


reread Senger secular equilibrium, the difference between the half- 
jives OP ¢ 1620 years to R marentally a factor of 10! or more. the decay of Ra”6 with 
f life © n*2 which has a half-life of only 3.8 days is a typical 


al ss 
- ample in which secular equilibrium is attained 


(ii) No Equilibrium: 
If the ocean - ee ee than the daughter i.e., A, > A2, no equilibrium is 
gined at any time. if one starts with pure parent, then as the parent decays, the 


hter will rise 
amount of daughter , passes through a m th the 
characteristic half-life of the daughter, : eee 


att 


722 NUCLEAR REACTIONS 


Nuclear reaction is a process in which change in the character of a nucleus 
takes place either spontaneously or asa result of bombardment by a particle or a ray. 
ar reaction takes place if a particle is able to enter a target nucleus. The 


A-nucle 
hich is used to strike a target nucleus is called a projectile. 


particle Ww 
The notation used for a nuclear reaction is analogous to t 

reaction, with reactants on the left and products on the right hand side of the 

equation. A nuclear reaction is generally represented by the following equation. ~~ 


hat in chemical 


a +X —> Y+b 
X stands for target nucleus 
a_ for projectile 
Y for product nucleus 
b for emitted particle or ray. 


Table 7.7. Types of Nuclear Reactions 


Where 


Representation 


Li (P,y) 4Be 


7Li(P,n) 4Be 


Example 


7Li+;H—> 8Be+y 


7 Li (P,a) 3He 


23a (d,p) it Na 


7 0 
05.1 27 30 
27 Al+ 3He—> oP + oN 13 Al (a,n) i5P 


N+ sHe—> 10 +\H MN (a,p) VO 


370 (n,y) sco 
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A short hand notation is often used for the representation of nuclear reaction, 
This is known s Bethe's notation. According to this notation, the above reaction can 
be represented as 
X (a,b) Y 
Which implies that the particle ‘a’ comes in and particle ‘b’ goes out. the 
symbols ‘a’ and ‘b’ may stand for the neutron (n), alpha particle (a), deuteron (d), 
proton (p), and gamma ray (y) etc. Some important types of nuclear reactions are 


shown in Table 7.7. . 
Comparison of Nuclear and Chemical Reactions 


Nuclear reactions like chemical reactions are always accompanied by a 
release or absorption of energy and this is expressed by adding the them ‘Q’ to the 
right hand side of the equation. For example: 


N+ tHe > Vor |H+Q 


The quantity ‘Q’ is called the energy of reaction. Positive Q corresponds to 
energy release (exoergic reaction); negative ‘Q’ to energy absorption (endoergic 
reaction). Individual particles are involved in each case nucleons in nuclei and atoms 
is molecules respectively. Number of nucleons is conserved just as in chemical 
reactions, the number of atoms of each element is conserved. Moreover, law of 
conservation of energy applies to each. Some of the characteristics that differentiate 
between nuclear reactions and ordinary chemical reactions are summarized below: 


Chemical Reaction 


No new elements can be produced. 


Nuclear Reaction 


1. Elements may be converted from one 
to another. 


Usually only outermost electrons are 
involved. 


Particles within the nucleus are 
involved. 


Accompanied by release or absorption of 
relatively small amount of energy. 


3. Often accompanied by release or 
absorption of tremendous amounts of 
energy. 


Rate of reaction is influenced of external 
factors. 


4. Rate of reaction is independent of 
factors such as concentration, 
temperature, pressure and catalyst 
ete. 


cr 


The quantities are defined per 
particle. 


The quantities are defined per mole. 


6. The quantity of matter is changed The quantity of matter is unchanged. 


appreciably, 


Chemical reactions are frequent. 


7. Nuclear reactions are very rare. 
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2.23 UCLEAR FISSION 
= Nuclear fission is a process in which a heavy nucleus is 
mediate nuclei with the release of energy. This process Is usually 


" tert P . 
: the gsion of neutrons. 
ay 


broken into two 
accompanied 


eml 
E. Jee! a ares the bombardment of uranium nuc 
neutrons and 9 a that the products show several different type of strong 
prays activity and some strong products of decay. At the same time O. Hahn and 
2351)) was irradiated 
ass and atomic 
he products of 


leus with slow 


strassman in Germany (1934-38) showed that when uranium ( 


with slow 
number con 
the reaction W 

Fission has been observed in some nuclides by neutrons, protons, electrons, 
jum 1ons and y and X-rays of moderate energies and with higher bombarding 


moving neutron, the product so formed has an atomic m 
siderably lower than that of uranium. It was shown that t 
ere isotopes of barium and krypton. 


hel 

energies (50 — 450 MeV) lighter elements such as Bi, Pb, Au Ta and some rare earths 

have been shown to undergo fission. By far the most important of these reactions is 
duced fission. The species ?*u, 235U, 239Pu 24!Au etc. undergo fission 


the neutron pro 
with thermal or with fast neutrons, whereas fissio 


heavy nuclides require fast neutrons. Isotopes of some elemen 
above 80 are capable of undergoing fission. Some fissions are Sp 
that the activation be supplied by bombardment. N 
cally favorable process for heavy atoms, since atoms with int 
gies per nucleon are formed. 


n of 232Th, 23'Pa and 238U and other 
ts with atomic number 
ontaneous, others 
uclear fission is 


require 
ermediate 


energeti 
masses and greater binding ener 
It has been known from the work of Dempster with the mass spectrograph 

that 28U possesses 4 rare isotope ?°5U. Ordinary uranium is composed of 99.28 
0.71 percent 235] and 234U about 0.01 percent. We can also say that 
om of 25U in every 143 atoms. Early in the study of fission 
which of isotopes of uranium underwent fission. The 
separation of very tiny samples of 238U and 235U by A.O. Nier made the first test 
d that 238U nuclei would undergo fission only when 


possible and latter work prove 
2351] nuclei, on the other hand, would 


subjected to bombardment by fast neutrons. ° 
ption of slow as well as fast neutrons. Apparently the energy 


undergo fission by absor 

of a slow neutron is sufficient to give the 2351] nucleus more than the activation 

energy, but it is not sufficient to give 238U nuc 
would induce fission only in 233U, 234U, 2U 

ll as in 295U. 233U and 234 


percent 238U, 
there is approximately 1 at 


the question arose as to 


Consequently, slow neutrons 
nuclei and fast neutrons would induce fission in 238[J as we 


are also isotopes of U). 

The neutrons are the jdeal nuclear bullets because unlike the heavy particles, 
they have no charge and so are not repelled by the target nucleus. When a slow 
neutron collides with 235U nucleus, the new nucleus formed by the capture of neutron 
a pg and splits up into two nuclei of medium atomic masses. One nucleus 
2 ich is produced in the fission 1s barium (Z = 56) ,the other is krypton (Z = 36) plus 
a addition neutrons and a tremendous amount of energy. The fission of U?? with 
slow neutron can be represented by the equation. 

54 bn—o ina Skr+ 3 i040 


é Where Q represents the energy released in the reaction. 
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Barium and krypton are not. only fission products, other fragments are aleg - 
produced. A given nucleus can split in many different ways, liberating enormoug 
amounts of energy. Some of the possible fissions resulting from bombardment of 
fissionable *85U with fast neutrons are shown below. The 2°SU is a short lived 
intermediate. | 


eo 
235 
Neutron . 
od @ Fission product 
e@ Neutron 


Fig 7.11 Fission Chain Reaction 


It should be noted from the previous equation that the total mass number 
and total charge number are conserved on both sides of the equations. The fission 
fragments are radioactive and they decay in a number of steps into stable nuclei. The 
fission fragments contain too many neutrons for stability and therefore most of them 


decay by B emission. The three neutrons which are produced in fission of U2 are 


very useful is producing a fission chain reaction. Suppose we take a certain mass of 
uranium containing only atoms of 255U and enclose it in a certain volume. Any stray 
slow neutron from cosmic ray or other sources will produce fission in one of the atoms 
of uranium. About three neutrons will be emitted in this fission. If the conditions are 


correct, these neutrons will produce fission in other uranium atoms. Hence a chain 
reaction will build up with explosive violence. . 


It is possible to arrange conditions such that only one neutron out of all the 
neutrons produced in one fission produces further fission. The remaining neutrons 
are allowed to escape or allowed to be captured by some other non fissionable atoms. 
The chain reaction will then proceed smoothly at its initial rate. The mass of the 
uranium required for producing a smooth chain reaction is called the critical mass | 
and the volurae occupied by the mass of uranium is called critical volume. In a | 
nuclear reactor the fission chain reaction takes place at constant rate in a controlled | 
manner. If the mass of uranium is less than the critical mass, the chain reaction will | 
die. ff, on the other hand, the mass is much larger than the critical mass the chain 
reaction will build up at a fast rate and an explosion will occur. This is the 
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mechanism which is used in the nuclear bomb, usually called the atomic bomb/ atom 


238[J can be made fissionable by converting it into 239Pu through neutron 
Fi mbardment. The following series of reactions then sets in: 
238 
92 U+on — °U+y 


239 239 7 
92 U——>93 Np+B 


239 239 ‘ 
93 NP— 94 Pu+fB 
ie., the *8U on capture of a neutron is transformed into *U, which is 
radioactive, and passes over with an emission of an electrons into transurame 
element neptunium. This is also radioactive and emits an electron to form plutontum 
of atomic number 94. 739Pu.like 235U undergoes fission. 


Another fissionable isotope is 28%U which can be obtained from 232Th by 
irradiation with slow neutrons. The reactions involved are 


? 3 
33° Th + gn! —> 99 Th 


233 233 - 
90 Th—> 9} Pa+B 
233 233 - 
91 Pa— 92 U+B 


1.24 THE ATOMIC BOMB 


An atomic bomb is a device which releases an enormous amount of energy in 

a few seconds by nuclear fission. It works on the principle of fast neutron chains. A 

nuclear fuel (225U or 239Pu) is kept in sub critical segments in the bomb. These 

segments are forced into critical mass by using a conventional explosive, such as 

_trinitrotoluene (TNT). Then neutrons released from the center of the bomb trigger 
chain fission leading to explosion. The large kinetic energy of the fission breaks 

building, the thermal energy burns the materials and the nuclear radiations harm 


living beings. 


On 6'» August 1945 an 
Hiroshima, Japan, it containe 
Py, nicknamed “Fat Man”, was 
These bombs extensively damaged the tw 
persons. In an actual explosion the tempera 
pressure of several million atmosphere. 


atomic bomb nicknamed “Little Boy” was dropped on 
d 235U fuel. On 9'» August 1945 a bomb containing 
dropped on Negasaki, another Japanese town. 
o towns and killed several thousands 
ture reached upto 10 million °C and 


In fission weapons, a mass of fissile material (enriched uranium or 
plutonium) is assembled into a supercritical mass — the amount of material needed to 
start an exponentially growing nuclear chain reaction — either by shooting one piece 
of sub-critical material into another (the “gun” method) or by compressing a sub- 
critical sphere of material using chemical explosives to many times its original 
density (the “implosion” method). The latter approach is considered more 
sophisticated than the former and only the latter approach can be used if the fissile 


Material is plutonium. 
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A major challenge in all nuclear weapon's design is to ensure that a 
significant fraction of the fuel is consumed before the weapon destroys itself, The 
amount of energy released by fission bombs can range from the equivalent of just 
under a ton of TNT, to upwards of 500,000 tons (500 kilotons) of TNT. | 


All fission reactions necessarily generate fission products, the radioactive 
remains of the atomic nuclei split by the fission reactions. Many fission products are | 
either highly radioactive (but short-lived) or moderately radioactive (but long-lived), | 
and as such are a serious form of radioactive contamination if not fully contained, 
Fission products are the principal radioactive component of nuclear fallout. 


The most commonly used fissile materials for nuclear weapons applications 
have been uranium-235 and plutonium-239. less commonly used has been’ 
uranium-233. Neuptunium-237 and some isotopes of americium may be usable 
for nuclear explosives as well, but it is not clear that this has ever been implemented, 
and even their plausible use in nuclear weapons is a matter of scientific dispute. | 


7.25 NUCLEAR FUSION AND STELLAR ENERGY 


Nuclear fusion may be considered as the reverse of fission. It may be defined 
as the process of combining two lighter nuclei. to form*a heavier nucleus with the 
release of energy. It has been observed that tremendous amount of energy is obtained | 
when lighter nuclei such as hydrogen, deuterium and helium are fused to form 
heavier nuclei. Such reactions are also known as thermonuclear reactions, as these | 
reactions occur at high temperature. Some examples of nuclear reactions are: 


7H+7H-+—>3He+}n +3.27MeV 

or 2H +7H—> ?H+!H+4.03MeV 
7H +?H—> 3He + pn +17.6MeV 

| H + 3He—> 3He + |H +1.8MeV 


The fusion of two deuteron nuclei is known as d-d reaction. It will be noted 
that both }H and }He are products of deuteron-deuteron reactions. Each of these 
reactions can be produced in a suitable particle accelerator. 


The history of fusion research is quite different from that of fission research. | 
With fission the reactor came first, and then bomb was built. With fusion, the bomb 
was built long before any progress was made toward the construction of a controlled 
fusion reactor. More than 40 years after the first hydrogen bomb was exploded, the 
feasibility of controlled fusion reactions is still open to debate. The reaction that is 


most likely to fuel the first fusion reactor is the thermonuclear d-t or deuterium- 
tritium reaction. 


| 
TH+?H—>4He+}n | 


Each fusion reaction is characterized by a specific ignition temperature which 
must be surpassed before the reaction-can occur. The d-t reaction has an ignition 
_temperature above 10° K. Any substance at temperature above 108K will exist as 2... 
completely ionized gas or plasma. The goals of fusion research include: 


a alae 
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To achieve the requir . =r 
7 Toa equired temperature to ignite the fusion reaction. 


To keep the plasma togeth 
2 er at this te ful 
amounts of energy. temperature long enough to get use 


3. To obtain more energy from thermonuclear reaction than is used to heat the 
plasma to the ignition temperature. 


ae i et 


Thermonuclear fusion reactions are very probable in sun and stars, the 
temperatures of which are very high. Bethe (1939) developed the theory for the 
production of stellar energy in which protons by suitable reactions, are transmuted 
into helium nuclei, thereby releasing, energy which is transformed into radiation. 
One possible series of reactions in which protons are converted into helium nucle is 
one in which carbon and nitrogen act as catalyst. This series is usually referred to as 
the carbon nitrogen cycle and consists of the following reactions. 


6 C+jH—> PN 4+y 


BEC HT ny 


PCs. iH — Nn +y 
WN+|H Yor 
| The energy released by this cycle is 26.7 MeV. 
| $Q —>PN+P* + 


PN+|H —+!?C+JHe+y 


been unsuccessful. 
Difference between Nuclear Fission and Fusion 


Nuclear Fusion 


The process occurs in the nuclei of 
light elements. 


{ 
| Attempts to produce controlled thermonuclear fusion reactions have so far 


Nuclear Fission 


1. The process occurs only in the nuclei 
of heavy elements. 


2. The process involves the fission of 
heavy nucleus to the lighter nuclei. 


‘The process involves the fusion of the 
lighter nuclei to a heavy nucleus. 


The process takes place at high 


3. The process take place at ordinary 
temperature (108K) 


temperature. 


4. The energy liberated during the 
Process is high (200 MeV per 
fission), 


The energy liberated during the 
process is comparatively low (3-24 
MeV per fusion). , 


5. The process can be controlled for The process can not be controlled. 


useful purposes. 


| 6. Atom bomb is based on the principle 
| of nuclear fission. . 


Hydrogen bomb is based on _ the 
principle of nuclear fusion. 
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Percentage efficiency of ener 
conversion is high (four times to that 
of fission process). 


7. Percentage efficiency of energy 
conversion is comparatively less. 


Much larger amount of energy per 
unit mass of reacting atoms jg 
produced. 


8. Lesser amount of energy per unit 
mass of reacting atoms is produced. 


9. Fission products are radioactive and Fusion products are not dangerous, 


dangerous. 


10. Fuel can be stored in fission. Fuel cannot be stored.. 


. Solid or liquid fuel is used. Fuel is in the plasma state. 


7.26 HYDROGEN BOMB 


The hydrogen bomb is about 1000 times more powerful than the atom bomb. 
The mechanism of this bomb lies in the fusion of hydrogen or other lighter nuclei to 
produce heavy nuclei and releasing an enormous amount of energy. The working of 
hydrogen bomb is essentially dependent on two conditions-extremely high 
temperature and pressure. The hydrogen bomb is superior to atomic-bomb in that it 
has no limitation of critical size. In an atomic bomb whenever the mass of active 
material exceeds the critical mass, there is spontaneous explosion, whereas in 
hydrogen bomb the explosion does not occur till the active material is brought to 
ignition temperature, however, great mass of active material is used. 


Hydrogen bomb was first exploded in November 1952 in Marshall Island. 
After about 8 months of this. Russians also exploded a thermonuclear bombs which 
was about 1 million ton more powerful than TNT. Deuterium and tritium were used 
in both these bombs. The operation of hydrogen involves the sudden release of 
enormous amount of energy by nuclear fusion. The heat and kinetic energy released 
in fusion destroys the place where such a bomb is exploded. The temperature 
required for fusion is this bomb is initially produced by a nuclear fission. The fission 
reactions function as a fuse to produce a temperature sufficient to start the fusion 
reaction. Because of the tremendous heat produce in H-bomb, it is called a 
thermonuclear bomb. 


The actual reaction used in H-bomb is a secret. Such possible fusion reactions 
involved in such bombs are as follows: 


2H+?H —> $He+ on 

{H+7H —+>4He 

pH +9n —> $He+p™ 

Li+ 1H —+24He : 


If the H-bomb is covered in a special metallic sheet and exploded, the effects 
are worse, because lethal radiations are scattered all around which continue t0 
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ollute the par ighae for months and years to come. A coba 
of this pa ich “on nothing but a cobalt covering of a H 
released uring explosion interact with metallic cobalt rendering it ra 


(60Co) is formed. 


Nuclear and Radio Chemistry 609 
It bomb is an example 


-bomb. The neutrons 
dioactive an 


bute far less to 


usion reacti ‘ 
f tions do not create fission products, and thus contri 
ermonuclear 


e creation of nuclear fallout’ than fission reactions but because all th 
weapons contain at least one fission stage, and many high-yield thermonuclear 
devices have a final fission stage, thermonuclear weapons can generate at least as 
much nuclear fallout as fission-only weapons. p 
Kingdom, People’s 
ear weapon tests. 


hether India has detonated a “true”, multi-staged thermonuclear weapon is 
h more difficult to 


controversial). Thermonuclear weapons are considered muc 
successfully design and execute than primitive fission weapons. Almost all of the 
nuclear weapons deployed today use the thermonuclear design because it ig more 


efficient. 


7.27 NUCLEAR REACTOR 


Nuclear reactor is device 
be used for peaceful purposes. We can also say that a nuc s designed and 
operated for the purpose of sustaining a nuclear fission chain reaction at a 


ollable pre-determined rate. 


Only six countries - United States, Russia United 


Republic of China, France and India — have conducted thermonucl 


to obtain the nuclear energy in a controlled way to 


lear reactor 1 


contr’ 
n of heat, mechanical and 


for the productio 
arch. 


Nuclear reactors are used 
weapons material and nuclear rese 


electrical energy, radioactive isotopes, 


Working Mechanism 


In any nuclear re 


reaction of the nuclear fu 
lant and this heat energy 
o a genera 
tilized 


nerated by the controlled fission chain | 
of the reactor is transferred to a | 
high pressure steam that turns a 
power. If the heat energy 
the reactor is known as a 


actor, the heat ge 
el confined in the core 
is used to generate 
tor, thus producing electric 
for generation electricity, 


coo 
turbine connected t 
generated in the fission is u 


power reactor. 


Components of a Reactor 
sts of five main components. 


(a) Fuel Elements. The material containing the fissile isotope is called the 
reactor fuel or nuclear fuel. Its composition can vary from natural uranium to 
material highly enriched in 235[J, 229Pu or 233U. The basic source materials for 

nuclear fuels are uranium and thorium. 75U present to the extent of about 

0.71 percent by weight in the natural uranium is fissile and this is the only 

clear energy can be directly produced. 


natural material from which nu 
(b) Moderators. The function of a moderator in a nuclear reactor is to rapidly 
reduce (within a fraction of second) the high energy of the fission neutrons. 
The fast neutrons ejected during fission: must be slowed by collisions with 
which do not absorb them, for efficient fission 


atoms of comparable mas 
reaction. The most commonly used moderator is ordinary water, although 


A fission reactor consi 


s 
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graphite is sometimes used. The most efficient moderator is helium, which 
slows neutrons but does not absorb them all. The next most efficient One jg 
“heavy water” (deuterium oxide D0), but this is so expensive that it has been 
used chiefly in research reactor. However, on considerations of price and 


other properties, H2O finds favor in many commercial reactors. 


Coolants. The heat generated in the core of the reactor 18 removed by 
coolant. Both ordinary and heavy water are considered to be good coolants for 
thermal reactors because of their excellent heat exchange properties. They 
have also the advantage of serving as both coolants as well as moderators, 
However due to their low boiling points, high pressures are: required ‘to 


prevent their boiling to high temperatures. Liquid metals such as Na and K 
high temperatures. Various other 


are recommended as coolants for use at ! He 
coolants such as benzene, polyphenyles, air, COz, CHa, He and He are algo 


used. 


Coolant 
—— 


Core Reflector 


Generator 


Turbine 


. 

ty fee eae 
OPA ee ied 
4s 


eg ean wa ee 
PO ad pe aa a ane 


Shielding _/ 


Heat Exchanger (Boiler) 


Coolant 
—— 


Fig. 7.12. Schematic diagram of nuclear reactor system for generating electric power. 


(d) 


(e) 


Control Rods. The control of power level in a reactor can be achieved by 
controlling the neutron flux which in turn is achieved by altering the neutron 
leakage rate or the quantity of fuel in the reactor or by incorporating a 
suitable neutron absorbing material. Boron is the most common material 
used for reactor control due to its very high melting point and very large 
neutron absorption cross section. [t is commonly employed in the form of 
boron steel. Besides boron, cadmium is also used. 


Shielding. It is an important component of a reactor installation, although it 
has nothing to do with the operation of reactor. Shielding is provided for 
a(tenuation of the gamma rays and neutrons emerging from the reactor 
which helps to protect the operating personnel from radiation hazards. The 
shield comprises of a layer of concrete (several feet thick) which surrounds 
the reactor core. It absorbs both gamma rays and neutrons. It is a good 
structural material and contains enough hydrogen to moderate the fast 


neutrons. 
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7.28 CHARGED PARTICLES ACCELERATORS 


From the Shacownny of nuclear transmutations in 1919 until 1992, the only 
,nown sources of particles which could induce nuclear reactions were the natural 
a - emitters. In fact the only known type of nuclear reactions known during that 
yeriod of 13 years was the a,p reactions. For example a—- emitter 210P_ (6.30 MeV. 
tiz = 138 days). To carry out the transmutations by using the charged particle 
projectiles, some problems are faced. Due to the existence of the Coulomb potenua 
parrier, the charged particles should have sufficient energy to crosa the barrier. 
Using «- particles from naturally occurring sources, a lot of information regarding 
the construction and structure of nucleus were explored. But for bombardment on 
heavy target nuclides, charged particles of much higher energy are required. Besides 
these, the a — particles obtained from natural sources have got M0 directional 
properties. Using such particles for the target nuclides placed in 4 particular 


direction, very poor results were obtained. To overcome these drawbacks the 
directed beams of high 


& AS 


scientists were experiencing the necessity of having the 
2 \) . 3 
energy particles. The particles accelerators developed can meat this necessity. 


The first device was developed in 1931 by Cockroft Walton by using 4 voltage 
multiplier to accelerate the protons. The voltage multiplier ultimately produced a 
potential difference of about 2 million volts leading to the generation of a 1 — 2 MeV 
proton beam. In 1931, Van de Graaff developed an electrostatic generator which 
could produce several million volts of potential difference to accelerate the particles. 
Presently, the accelerators which do not require any high potential difference are of 
much importance. Two commonly used charged particles accelerated are discussed 


below: 


1. The Linear Accelerator 


irst developed by Lawrence and Sloan in the 


The linear accelerator was fi 
united states during 1931. It is a device or machine whereby the kinetic energy of 


charged particles or ions is progressively increased by multiple acceleration. 

is used to accelerate the protons, electrons, nuclei 
accelerating them in the electric field. The basic principle involved in this machine is 
known as resonance acceleration. The charged particles are accelerated in steps. In 
each step the particles fall through a relatively low voltage in such a way that their 
velocities are added together in successive steps so that finally they acquire a very 
high energy of the order of several million electron volt (eV). In linear accelerators 
charged particles are accelerated by an oscillating electric field applied to a series of 
electrode with an applied frequency which is in resonance with the motion of the 


particles. 

The linear accelerator consists of a set of cylindrical electrodes of increasing 
length. Alternate cylinders enclosed in a glass chamber are connected together in 
such a way that the odd number cylinders are being joined to one terminal and the 
even number joined to the second terminal of a high frequency power supply. The 


cylinders are placed is a highly evacuated glass tube. 
The ions from the discharge tube at one end move along the axis of the tube 


and are accelerated by crossing the BaP- Suppose the ions are positively charged and 
moving from left to right. if the first cylinder is positive and second is negative the 


A linear accelerator 
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ions are accelerated and travel through the second cylinder. In the second cylinde, 
the speed will be constant but greater than the first one. 

Inside the cylinder the ions are in the field free space and therefore Move 
with constant velocity. The second cylinder is larger enough so that when the iong 
reach the gap between the second cylinder and third cylinder, the potentials are 
reversed. The second and third cylinders are positively and negatively chargeq 

_ respectively, hence the ions are again accelerated, in the gap between second anq 


third cylinders. 


High voltage 
High frequency supply 


Fig. 7.13. Schematic design of a linear accelerator. 


The ions can be kept is phase with the reversal of potentials by making 
successive cylinders longer than the previous one to allow the increase in the speed of 
the ions. As a result the ions gain additional energy each time they travel from one 
cylinder to the next cylinder. The energy in the range of 1 BeV can be obtained by 
linear accelerators. Due to small size of the magnet the linear accelerator is more 


suitable for this range of energies. 

If Vo is the initial fixed potential used to accelerate ions into system, and V js 
the potential difference between the accelerating stages, then ions will have a 
velocity after the first stage corresponding to an acceleration through Vo. + V volts. 
After the second stage they will have a velocity corresponding to an acceleration 
through V. + 2V volts and after n stages they will have a velocity corresponding to an 
acceleration through Vo + nV volts. Energy after n stages = % mv? and the final 
velocity after n stages. 


_ 2e 


2_ 2e ; 2e 1/2 
V m (Vo t+ nV) or m (Yo t+ nV) 


Where m and e are the mass and charge of the ion accelerated. A linear 
accelerator has the following advantages: 


(i) A small magnets can be used 
(ii) It is economical for achieving very high energies. 
(ili) The particles emitted are in a well-collimated beam 


(iv) A beam of electrons from a li 
inear accelerator the 
structure of the nucleus. ane bees ee 


(v) It can be used to obtain energy in the range of 1 BeV 
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it suffers from following disadvantages: 


foweve” 

() The individual particles must pass through a number of alternating fields 
aid qanumaber OF poet sources. Therefore, many pieces of high frequency 
apparatus are needed which make the machine more expansive an 
complicated. 


The ionic current produced is very low-in the order of fraction of micro 


ampere. 


(ii) 


9, The cyclotron 


This instrument was _ also 
developed by E.O. Lawrence, in the 
University of California, in 1933 and he 
was awarded Nobel Prize in this work. 
This became the most widely used method 
for the acceleration of charged particles 
(positive ions). The cyclotron also uses 
multiple acceleration of ions and in many 
respects it can be thought of as a linear 
accelerator which has been wrapped 
around itself in a spiral. The drift tubes are 
replaced by two flat hollow semicircular 
electrodes called dees because of their 
resemblance to the letter “PD”, These dees ane a t, 
which are connected to a radio frequency Fig 7.14 Schematic design of a 
oscillator, are contained is a’ large flat cyclotron 
vacuum tank between the poles of an electromagnet. (Fig 7.14) 

The particles or ions to be accelerated in cyclotron are introduced into the 
space between dees where they are attracted by the applied electric field into one of 
the dees. From dees they drift in an electrically field force region. The ions are 
confined to a semicircular path by the magnetic field, and if they emerge from the 
dees after a period of time corresponding to half of the period of oscillation, they will 
be accelerated across the gap between the dees and into the second dee where they 
will follow another semi circular path. This process is repeated many times, the ions 
following orbits of increasing radius after each successive acceleration until they 
reach the perimeter. Here they are deflected from their circular path by a negatively 


charged electrode and energy though a thin aluminium window. 


The operation of the cyclotron depends upon the ions taking exactly the same 
interval of time, i.e.. half of the period of the applied oscillation. on each semi-circular 


path, 


< j 

ee 
» Bye] 

oO 

7 


Source of Jons 


\ 
A 
) 
| 
\ 
! 
' 
\ 


The equation of motion of an ion of mass m charge ‘e’ and velocity ‘V ina 


magnetic field 'H’ is given by the necessary 
2 


? Vv a ; +s , 
HeV and the centrifugal force m\ where 'r’ is the radius of the ion’s orbit. 
r 
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Centripetal magnetic force = centrifugal force, 


(7.33) 
He . 


'V 
We also know that angular velocity w is equal to - 


: = 
o =— 
r 
H 
mn) -= iA ae (7.34) 


From Eq. (7.34) it is evident that the angular 
radius of ion and velocity V, and that the time requir 
constant for ions of same e/m, provided that the ma 
In practice, the magnetic field is kept constant, e/m 
ion used, and therefore « is constant. 


velocity is independent of 
ed for half a revolution is 
gnetic-field strength is constant. 
is a characteristic of the type of 


In the cyclotron, as in the linear accelerator, multiple acceleration by. a radio 
frequency (r.f.) potential is used. The radio frequency has to be chosen such that its 
period equals the time it takes for the ions to make one rev 


olution, 
= () 
=" hn 


It is also clear from Eq. (7.34) that in a given cyclotron, both the magnetic 
field and oscillating frequency can be left unchan 


ged when different ions of same e/m 
e.g. (deuterons and a — particles) are accelerated. 


Most cyclotrons are o 


perated as electrons sources and they often use rf. 
oscillators tuned to about llo 


r 12 mega cycles/sec for deuterons. 


; oe 1 
By squaring Eq. (7.33) and multiplying by 2m ©? both sides 


2 


‘ ‘ Pk? . « 
aR or mV? = "62,2 
33 


2:2 
hbo diy? = ae r 
2 2m 


- Thus the final energy attainable for a given ion varies with the square of the 
radius of the cyclotron. With H = 15,000 gauss the deuterons energy = 0.035 r°. 


. A very important feature of t 
the ion beam. The el 
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initations: : 
The energy gained by the ions in the Cyclotron depends upon the radius of 
s, The greater the radius, the greater the energy gained by the particle. At 


the dees ; 
pigher energies, the velocity of the particle becomes so large that WA becomes 

reciable, where ¢ is the velocity of light. Thus the mass of the particle starts 
2 creasing in accordance with the relation. 
in 

ail v2 where mo = rest mass of the ion. 
Il-—> 
c 


_ : | 
This increase is about 5 percent for a 10 MeV deuteron and about 5 percent 


for a 100 MeV. Thus the particle goes out of step in the cyclotron. 
y cyclotron is not suitable for accelerating electrons? 


Wh 
y the speed of light at a 


Electrons, having very small masses, move with near! 
relatively low energy. Therefore the electrons cannot be accelerated in a cyclotron, 
because of the high frequencies that would be required and because of the enormous 
relativistic mass increase of electrons even at moderate energies e.g. At 1MeV the 
three times the rest mass. The first device for producing electron 


total mass is 
2 or 3 MeV was the betatron, first developed by D.W. Kerst in 1940. 


energies above 
7.29 RADIATION HAZARDS AND SAFETY MEASURES 

cules results from the passage of nuclear 
radiation through matter, a single a,B, or y-ray producing about 100,000 ion pairs. 
A secondary effect of ionization in molecules is the rupture of chemical bonds causing 
the destruction of the chemical compounds from which living tissue 1s composed. 


dioactive materials, two distinct types of hazard should be 


The ionization of atoms or mole 


In handling ra 
distinguished and appreciated. These are: 
(a) Contamination hazards involving in 
radioactive material, and 
involving exposure to some external source of radiation. 


gestion of very small quantities of 


(b) Radiation hazards 


(a) Contamination Hazards 

The factors which influence the radio-toxicity of a nuclide as a contamination 
hazard if ingested orally, by inhalation, by absorption through the skin, or directly 
into the blood stream — as a result of an accident — are: 


(a) The type of radiation emitted, a and B being the worst. 


(b) The physical properties of the materials, for example the chances that a 
compound ingested orally will enter the blood stream, and so be deposited in 
a vital organ, will be reduced if it is an insoluble compound. 


() ‘The chemical properties of the nuclide. 
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Half-life of the nuclide. A composite “effective” half-life which takes j; 
account both radioactive and biological half-lives can be determined from: " 


(d) 


— |} 
effective half-life radioactive half —life biological half - life 


A few examples of effective half-lives are given in Table 7.8. Because of 
biological retention properties associated with many nuclei there is a long term 
accumulative effect and therefore, the quantities of these materials which Constitute 


a hazard are often extremely low. 


Table 7.8 


Half-life (in days) 
Nuclide 


Radioactive Biological |__Effective 
a 


Concentrates 


Strontium-90 Bone 9.1x103 3.9x103 


Kadium-226 


(b) Radiation Hazards 


_ The radiation hazards associated with most chemical and tracer work will be 
small or negligible. They mainly arise from isotope stock storage and from sealed 
sources such as those used as radiation sources for radiation chemistry studies, 
Under no circumstances should the combined effect of all the sources of activity be 
permitted to involve a weekly, gross exposure to any person in excess of 100 milli 
roentgens and, indeed, the aim should be to maintain conditions such that the total 
radiation does cannot exceed a tenth of this value. Film badges can-and frequently 
are-worn in order to measure the accumulated weekly dose. They do, however, only 
measure what has already occurred, and in this respect, they are a poor substitute 
for careful radiation monitoring to anticipate radiation exposure. 


Exposure to radiation hazards is minimized by one or more of the following 
methods: 


(a) Using minimum necessary quantities of active material and limiting | 
exposure time. 


(b) Making full use of the inverse square by remaining at a distance and by 
using forceps or tongs where necessary to achieve this end. 


() Employ ing adequate shielding — particularly in the case of fixed irradiation 
installations. 


— een = regulations concerning the use of radioactive material can at no 

en htu iat anticipation of hazards, care in manipulations and “good 

safe as Bhat - With proper thought and care a radiochemical laboratory can be 4 
ore conventional organic and inorganic laboratories. 
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gafety Measure of Nuclear Hazards 


osure to high . 
Sale Nao “< nuclear radiation can cause sickness OF death. 
pecause P , hear, smell taste, or feel nuclear radiation. They are 


tell without the pr site Mermcs 
nable 0 he proper radiological i levels of 
Me jiation around them might be harmful. B instruments whether the le 


High energy radiations, coming out of radioactive substance® can cause 
chemical changes is biological systems. Living systems are composed of a sufficient 
yantity of water which gets radiolysed on interaction with alpha, beta and gamma 
rays of high energy and ions such as H20* are produced. When these ions interact 
with any negatively charged species such as an election, they generate a highly 
excited neutralized molecule which stabilizes itself by immediate fragmentation into 
a hydrogen atom and a hydroxy] radical. 


Hye" seals H',0 —>H+0H" 


This is one of many possible reactions that my occur as @ consequences of 
radiation snteraction with water and other molecules which constitute the living 
organisms. The overall effect is the formation of ions, atoms and free radicals. Their 
resulting species are highly reactive and can destroy protein and other molecules 
present in the living matter. Fore example, free radicals can damage the hydrogen 
bonds and sulphur-sulphur pivotal in maintaining the critical conformation of 
role as an enzyme and thus metabolic processes and cell division will be abnormal, 
penetration of substances into and out of the cells can take place to such an extent 
that organisms are injured. 


* protein. Such a reaction will bring about protein destruction which will curtail its 


Units for radiation Exposure 


Thére are several units which are employed to estimate the radiation damage 
on biological systems as described below; 


The unit of radiation dosage that was originally used in measuring biological 
damage is the roentgen (symbol r). One roentgen is the radiation that produces one 
electro static unit (esu) of pairs of positives and negative ions in 1 cm} of air as S.T.P 
(standard temperature and pressure). Ns 


The ionization efficiency and the mode of absorption vary with the nature of 
radiation and the corresponding exposure effects also differ. This is because an alpha 
particle emitted within a cell will deposit its energy entirely within that cell, whereas - 
gamma rays will be only fractionally consumed by any biological tissue. The greater 


. 


the amount of energy deposited per cell, the greater is the biological damage. 


International commission on radiological protection for various types of 
radiations have adopted maximum permissible doses for human _ beings 
vecupationally exposed to external radiations. They have adopted two different 
standards for whole body exposure and limited body period of 13 consecutive weeks 
for the people over the age of 18, with the additional restriction that the total 
accumulated dose should not exceed 5 (N - 18) rem, where N is the age of the 
recipient in years. For the case of limited exposure the hands and forearms or feet 
and ankles, the corresponding figures are 25 rem and 75 (N — 18) rem. However, th 

radiation exposure may also occur by ingestion. The most likely means of ing i 
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radioisotopes may also occur by ingestion. The most likely means of ingesting 
radioisotopes can be (1) inhalation of contaminated air (2) drinking of contaminate 
water (3) entry through open wounds. Radioactive substances when ingested ie 
inhaled become fixed in the body for varying lengths of time. All care must therefor, 
be taken to avoid intake of radioactive materials. 


7.30 APPLICATIONS OF TRACERS IN CHEMISTRY 


Many radioactive isotopes are very much useful in different disciplines such 
as research, medicine, analytical problems of Chemistry etc. It is a well-known fact 
that the physico-chemical properties of a radioactive atom are almost identical with 
those of its inactive atoms. This characteristic property of a radioisotope helps tg 
locate isotopes when the former is added to the ordinary chemical elementg 
consisting of a mixture of inactive isotopes. The added radioisotope is called isotopic 
tracer or the radioactive indicator. The tracer added to a system is often referred to 
as a label or a tag, and the traced material is said to be labeled or tagged. 


The use of tracer in chemical research and analytical chemistry forms a 
special type of method called the tracer technique. Tracer technique is the method of 
using an isotope of an element to study a physical or a chemical change. The change 
is monitored by following a characteristic property-mass or radioactivity of the 
isotope used. This technique is based on the following important factors. 


(i) The chemical properties of radioactive isotopes are similar to that of the 
corresponding non-radioactive elements. 


(ii) The nature of the radioactivity of a radioisotope is capable of tracing, 
identifying, and determining the position of the corresponding atom among 
excess of non-radioactive elements. 


(ui) | This technique helps to detect very small quantities that are many times 
smaller than these elected by any other known physical or chemical method. 


The tracers many be either radioactive or separated stable isotopes and their 
use as tracer is based on the two requirements; (a) it must represent the element 


being traced at the time of measurement, and (b) it must be distinguishable from the 


element being traced. While using radioisotopes as tracers, it is necessary to choose 
isotopes with half-lives which are neither too short nor too high. This is because of 
the fact that the time of observation is limited in case of short-lived isotopes, while 
the intensity of radiation emitted is very less, which cannot be detected early in case 
of long-lived isotopes. Usually isotopes having half-lives roughly between a four 
hours to few thousand years are used as tracers. 


__When a non-radioactive, heavy isotope is used as the tracer, then the mass is 
ines = the tracer technique. The use of radioactive tracer is preferred in tracer 
ie hen od: aealuse its radioactivity can be accurately measured during the physical 

mical process. The commonly used isotopic tracers are listed in Table 7.9. 
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Table 7.9. Common isotopic tracers. 


Tracer Element Tag Detection 


Hydrogen 244 Maes 
3 B — particle 
yo fe 


ee a 


Isotopic labeling technique is discu 


ssed below for some representative cares. 


(i) 6 C labelling 


14 l 14 | 
7 N +92 — 6 C+ ,H 


(i) 79 Cl—labelling | 


| 
| 35 C]4hn—>j7Cl +7 


: (ii)  32P—lebelling 

| 2c , | 92) | 
31 p+ hn—igP+1 and 325 + pn ——> 15P+ 1H | 
| Some important applications of radioactive isotopes as tracers are discussed 


below: 


| 1. Medical Uses 


Several radioactive isotopes are used successfully in checking growth of or 


removing the cancerous cell. Since radioisotopes of an element have the same 
chemical properties as stable isotopes of the same element, they can be used to ‘label 
an element in a compound. A radiation detector can be used to follow the path of the 
element throughout the body. Salt solution containing sodium-24 can be injected into 
the blood-stream in order to follow the flow of blood and locate obstructions in the 
circulatory system. Thallium-201 tends to concentrate in the healthy heart muscle 
tissue, while technetium-99 concentrates in the abnormal heart tissue. [odine-131 
concentrates in the thyroid gland, the liver and certain parts of the brain, and is used 
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to monitor goiter and other thyroid problems, as well as liver and brain tu 
Cobalt-68 is used to determine uptake of vitamin B12, while cobalt-60 is used 
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mors, 
for the 


radiation treatment of cancer. 


2. Research Applications 


Stable as well as radioactive isotopes are frequently used in tracing out the 


correct path of chemical and physiological reactions, some of which are describeq 


below: 


(a) 


(b) 


(c) 


(d) 


If radioactive sulphur-35 ion is added to a saturated solution of cobalt 
sulphide in equilibrium with solid cobalt sulphide, the solid becomes 
radioactive. This indicates that sulphide ion exchange occurs between solid 


and solution in solubility equilibrium. 
emacs flit 2- 
COS,4) = Co" (aq) +S (ag) 


Photosynthesis is the process by which green plants synthesize carbohydrateg 
from carbon dioxide and water in the presence of light. 


sunlight 
6CO, +6H20 —arophytt ? Cota Os + 60, 


In the mechanism of photosynthesis the important point is that the molecular 
oxygen in the product is coming from water and not from carbon dioxide 
molecule. By studying the reaction with labeled oxygen, the product oxygen 


can be identified. 
6CO, +6H,0° —>C,H),0, +60} ; 

The mechanism of ester hydrolysis can be studied by making use of labeled 

water (HO). Theoretically an ester may be hydrolyzed in two different 


- manners to form an acid and alcohol. 


O O 

* 
| HoH || 
(i) CH, —C—OC;H,,; —+CH; —C—OH+C,H,,OH 
The labeled oxygen appeared only in the acid, showing that — OCsHi group 
is substituted by — *OH in the hydrolysis. 
Phosphorus — 32 when present in the phosphate fertilizer has been used to 
investigate the rate and manner of the absorption of fertilizer. Moreover, by 
such studies we may know separately about the proportion of plant's 
phosphorus coming from soil and from the fertilizer, and thus about the kind 
of fertilizer which is best for a given soil and crop. 


3. Industrial Applications 


There are many applications of radiochemistry in industry and engineering, 


some of them will be mentioned here. 


(a) 


Addition of a small amount of phosphorus-32 to the iron ore is used in steel 
industry for detecting all the phosphorus impurity present in the original ore. 
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The disappearance of radioactivi 
removal of the a from the molten steel indicates the 


adioisotope 
(b) = spat ape used in studying the wear and lubrication of motor 
were ot ee ice, piston rings are made radioactive by jrradiating 
ot ae ane they are then assembled into an engine. Engine 18 
radioactivity a ak all ja tented xequiauly Sit Feat off of 
- : ) e re . . M (8) 
the piston rings. presence of tiny bits of metal from wearing 0 
material gets 


(c) The radiation passing through a material decreases as the 
d to estimate 


2 e amount of penetrating radiation can be use 
e ness of various materials such as paper or plastic etc. 

and empty 
| can be found by 


packet detectors. The level of a liquid in a closed vesse 
the other. These 


placing a source on one side of the container and detector on 
are then moved down, a sudden decrease in the detected radiation shows the 
level of the liquid. Level gauges of this type are used to measure the level of 
liquids in fire extinguishers and gas cylinder. Similarly empty packet 
detectors can be used to reject empty or insufficiently filled packets of 
cigarettes or biscuits. 


e) Radioactive isotopes can be used to detect leaks in pipelines of water. For this 
purpose sodium-24 is used. Solution containing radioisotopes 1S injected into 
the pipeline and the points where the leakage into the surrounding soil has 

occurred can be scanned from the surface using a detector. 


4. Radioactive Dating 


The ages of articles of organic origin can 
The radioisotope carbon-14 is produced continu 
nitrogen atom captures cosmic-ray neutron. 


be estimated by radiocarbons dating. 
ously in the upper atmosphere, as 


Wn 4 tn—9 C+ 1H 


The }'C atoms thus produced are rapidly oxidized to CO, which in turn is 
s as a result of photosynthesis. Thus all plants contain some 
Is is ultimately derived from plants, the carbon of 


2c as the carbon of plants. When the 


incorporated in plant 
4c and since the carbon of anima 


animal will contain the same ratio of rel 


plant or animal dies, the Me isotope is no longer absorbed from the atmosphere (in 


case of plant) and plants (in case of animal). After this the amount of re in the dead 


tissues starts decreasing due to its radioactivity. 

ig CcC— : B+B° 
To determine the age of a sample, the activity per minute per gram of carbon 
is measured. Now thus knowing the half life, the approximate time of the death of 
the plant or animal can be calculated according to the following disintegration 


equation: 
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1, N 

es teh 
y A ' N 
This technique was first used by Willard Libby (Nobel Laureate) to determing 


f wood or animal fossils. The carbon-14 technique is useful only for dating. 


the age o ‘ : 
r objects possess too little activity to be dates 


objects less than 50,000 years. Olde 
accurately. 

Example 7.8. The amount of \4C isotope in a piece of wood is found to be one sixth 
of its amount present in a fresh piece of wood. Calculate the age of wood (half-life of 


| 
i 
| 
| 
{ 


° 4c = 5577 years). 
Solution 


Let N, =! then N =. 


ti2 = 5577 years 


- 0.693 
ti72 
as e 0.693 ven 
5577 
t=In 2 in No 
x N 
5577 | 2.303 x 5577 
= = ———_——_ |o26 


ee 


wal = 9693 1/6 0.693 
or t = 20,170 years 


5. Age of the Earth 

The natural radioactive decay series indicate that all the *8U present in 
nature would ultimately be converted to lead. Thus a naturally occurring uranium 
mineral is associated with some non-radioactive lead, formed from uranium. The 
rocks on Earth are assumed to be formed from magma (molten rock). It was then the 
radioactive uranium in the rock must have started decaying. Therefore, by 
estimating the ratio of 2°SPb/238U by weight, the age of rock and hence that of Earth 


can be found out. The half-life of 238U is 4.49x 109 years. This isotope forms ay Pb 


though a series of steps and the overall reaction on is 
338 U — 2Pb +8 3He+ 6e 


Based on this equation for every 238 grams of uranium decayed, 206 grams of 
lead must be present in the sample rock. This age estimation is based on the 
assumption that initial radioactive material, the final stable nucleus, and al] the 
members of decay series remain in the rock and the Pb-206 present is the rock is the 


_ product of U-238 decay. 
S| 


« Te 


— 
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g, Agricultural Applications 


Toe Se meee 
= nd 


ture to improve the 
lizers to the soil to | 
be determined by 
The total amount of the 


Radioactive isoto 
pes have been widel 
Sas an used 
ant growth. Radioactive P-32 is added with a ne 


pl 
lant growth. The uptake of %P from soil by plants 


improve P 

SE ikea aptly al in different parts of the plants 
s : en ; , 

ihe added fertilizer b age plant is determined by chemical analysis and that of | 

phosphorus present eth ones measurement. The difference is the natural i 

Pen that ammonium ee ki using various P-32 label phosphates, it has been 

osphate i . an 

phosphate and calcium sicaghe ten e is much more efficient fertilizer than guper 

nship between root growth and the 

different depths and 


een helpful in | 
| 


4cQ, with 


It is also possible to investi 
stigate the relatio 
phosphorus up take by placing fertilizer labeled with 32P at 


distances from growing plants. The radioactive carbon (4c) has b 


understanding the mechanism of photosynthesis in plants. By using 


12 
CO, it has been shown that the oxygen which is formed along with sugars, comes — 


from water and not from carbon dioxide. 


been used to investigat 
ophyll. Isotopi 


olism. Many 
advantages caused by 


e the disease chlorosis 
c tracers have also 


Radioactive tracers iron has 
fungicides contain 


developed in plants because of the shortage of chlor 
been used in studying animal nutrition and metab 
sulphur. The use of 35S tracer indicates the advantages and dis 


| 
these fungicides. 
| 


QUESTIONS 


Q.1. (a) What is nuclear chemistry? Discuss its significance. 


(b) Write a short note on the atomic nucleus. 


(c) Discuss various models of nucleus composition. 
i 
i 


ucleus. 


Explain some properties of n 
tal particles present with in the nucleus. 


Q.2. (a) 
(b) Write a short note on fundamen | 
Q.3. (a) Why certain isotopes are stable while other are radioactive? Discuss 
affecting nuclear stability. 1 
| 
i 
| 


various factors 


(b) Explain the difference between mass defect and binding energy. 
(c) Calculate the binding energy of ¢Li in MeV per atom if the exact mass of 
(An 32.02 MeV/atom 5.34 meV/nucleon) 


the nuclide is 6.01512 amu. 
Q.4. (a) What are nuclear models? Explain the liquid drop model in detail. 
(b) Elaborate nuclear shell model. Discuss its advantages and limitations. 


Q.5. (a) What are various types of radiation given 0 
Discuss their main characteristics. 


ff by a radioactive element. 
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(b) Give an account of the methods available for the detect; Be. 
measurement of radiation. ‘On and 


Q.6. (a) What are ionizing radiations? How do these interact with matter? 
| (b) Write a short note on radiation dosimetry. 
Q.7. (a) What are dosimeters? Explain Fricke dosimeter. 
(b) Discuss the kinetics of radioactive decay. 
(c) Radioactive kinetics follows first order reaction, comment. 
Q.8. (a) What is decay constant and half-life? How are these interrelated? 
(b) How do half life and decay constant determine experimentally, 


(c) The half life of }$P is 14.3 days. How long it would take for 1g of sample 
of }?P to decay to 0.5¢ of ? (Ans. 14.3 days) 


(d) Calculate the half life for decay of ;9CI if 1g of sample decays to 0,195 g 


Q.9. (a) What is nuclear decay? Explain various types of nuclear decay. 


(b) What is mean life? Derive the relationship between mean life and decay 
constant. 


Q.10. (a) Discuss theory of radioactive disintegration. 
(b) Write a short note on artificial radioactivity. 
Q.11. (a) What is radioactive equilibrium? Discuss the kinetics of a radioactive 
equilibrium. 
(b) Explain the difference between transient and secular equilibrium. 
Q.12. @ What is a nuclear reaction? How does it differ from a chemical reaction? 
(b) What is nuclear fission? Explain nuclear fission with full detail. 
(c) Why neutrons are the ideal bullet for fission process? | 
(d) What is atom bomb? Explain its working principle. 


Q.13. (a) What is nuclear fusion? Give a detail of fusion reactions occurring in 
stars and sun. . 


(b) What is hydrogen bomb? Explain its working principle. 

(c) Compare nuclear fission with nuclear fusion. 
Q.14. (a) What is nuclear reactor or atomic pile? 

(b) Explain its various components. 
Q.15. (a) What are charged particles accelerators? Why do these needed? 


; ' ainla and 
(b) What is the linear accelerator? Discuss its working principle ; 
limitations. 


Scanned with CamScanner 


| — 


www.pdfgrip.com 


Nuclear and Radio Chemistry 625 


Q.16. 


Qui. 


Q.18. 


") 


(c) Explain the working of cyclotron with suitable diagram. 
(d) Why cyclotron is not suitable for accelerating electrons? 
(a) What are diffent hazards associated with nuclear radiations? 
(b) Discuss various safety measures for nuclear hazards. 


W 
(a) What are tracers? What are the requirements for an isotope to be used 


as tracer? 


Wri , - 
(b) Write a detailed accent of various applications of tracers 19 chem 
other sciences. 


cal and 


Justify/comment on the following statements: 


(i) The future of mankind is in the hands of nuclear scientists. 


(ii) Curie is the SI units of radioactivity. 


(ii) Lighter nuclides have more binding energy. 
(iv) Radionuclides are intrinsically unstable. 
(v) All radioactive decays follow first-under kinetics. 


(vi) Nuclear fission is a sustainable reaction. 


(vii) Water is used as moderator in atomic pile. 


(viii) a- particles have more penetrating power. 


(ix) B- particles have more jonizing power. 


(x) Radiations can damage human skin. 


(xi) Radiation can be used for diagnostic purposes. 


(xii) Atomic bom 
‘(xiii) H-bomb works o 


(xiv) Radiation dosimete 
damaged. 
(xv) Heavy nuclides usually decay by 


b uses nuclear fission reaction. 
n the principle of nuclear fusion. 


rs are used to measure the amount of radiation 


B- decay. 
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Chapter 8 


MOLECULAR SYMMETRY 


pe a Fon * 
[yy LOJUP jher 
3,1 INTRODUCTION 


The word symmetry comes fron{ the Greek /word syf-metron, to measure 
together. This means that we consider two or mgre things to oWserve symmetry. From 
ancient times the concept of symmetry s preva ent fin philogophy, natural sciences 
and mathematics. Long ago the Greek sculptors and/architects were associating t, 
term symmetry with the idea of beauty and harmony. This concep ip ppeeme 
popular during the time of Pythagorus. He distinguished between yaa and 
oddness, between true statement/and false statement and so on. Plato, the Greek 
philosopher, felt that the world cdnsists of earth, water, fire and air. According to him 
the earth is a cube, the fire a tetrahedron, the water an icosahedron and the air an 


octahedron. 2 f ta 


Symmetry is a widely distributed property in nature. Nature provides 
countless examples of symmetry. For example sun flower possesses a kind of 
symmetry. A plant leaf also possesses a definite symmetry. Similarly the external 
shape of a crystal indicates a regular interval arrangements of atoms ions or 
cules. The human body is also symmetric in nature. We the human beings, also 
like regular and symmetric objects. It seems that a certain love for regularity is built 
in human nature. That is why we love those objects which possess regularity in their 


shape as compared to randomly shaped objects. 


Symmetry is associated with regularity in form, pleasing proportions, regular 
repetition of certain characteristics or a harmonious arrangements: thus it is 


associated with the sense of beauty. Weg aa 


Symmetry is present in geometrical figures, crystalljhe solids and molecules. 
Consider two geometrical figures, the rectangle and the square. The square is said to 
be more symmetrical than the | teetangle due to the fact-that all the sides of square 
are equal, whereas in rectangle Opposite sides are equal. One can quantitatively say 
that the square is more symmetrical due io the presence of large number of 
symmetry elements and symmetry operations 101. 

The study of symmetry is of great significance in connection with both 
theoretical and experimental studies of mo ecular structure. The basic principles of 
symmetry are appliedin quantum mechanics, spectroscoy quantum mechanics, spectroscopy ae eeedaup 
by X-ray, neut ctron diffraction. Knowing the symmetry of the molecule 
one can predict the IR and Raman spectrum of a molecule and knowi spectrum 
one can arrive at the symmetry or structure of a molecule. Nature exhibits a great 
deal of symmetry, and this is specially evident when we examine molecules in their 


627 
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equilibrium configuration. By equilibrium configuration, we refer to t 
atoms fixed in their mean positions. When symmetry is present, certaj 
are simplified if symmetry is taken into consideration. Aspects of 
determine whether a molecule is optically active or have a dipole 
mathematical tool which makes use of symmetry is the group theory. G 
the systematic discussion of symmetry. Modern treatments of rotational] Vibration» 
and electronic spectroscopy of molecules all make extensive use of 8roup theory, al 


hat wit 
n Calculati, 
ymmetry a 
Moment. 
TOUP theon, : 


e 
ng 
lg9 


The 


8.2 DEFINING THE COORDINATE SYSTEM 


In our discussion, it will be necessary to define a coordinate system f, 
movement of molecules. In all cases will be adopted a standard Cartesian coordinat, 
System with axes x, y and z defined by the so called “right-hand rule” By this 
convention, the positive directions of the three cardinal axes are defined in the Same 
sense as the thumb, index fingers and middle finger of the right hand when extended 
so that they are mutually perpendicular to each other. Hold your right hand go that 
your thumb is pointing up, extend your index finger as if pointing a gun and benq 
your middle finger so that it is perpendicular to the other two. Your thumb, index 


finger, and middle finger now corresponds, respectively to z, x and y directions of the 
Cartesian coordinate system (Fig.8.1). 


The orientation of a molecule’s bonds and bond an 
coordinate system is often defined on the basis of symmetry of 
the following conventions are observed: 


gles relative to the 
molecules, Generally 


(i) The origin of the coordinate system is located at the central atom or the 
centre of the molecule. 


(ii) The z-axis is collinear with the highest-order rotational-axis (the principal 
axis). If there are several highest-order rotational axes, z is usually taken as 
the axis passing through the greatest 
number of atoms. However, for a 
tetrahedral molecule the x, y and z are 
defined as collinear with the Cy axes. 


@ii) For planar molecules, if the z-axis as 
defined above is perpendicular to the 
molecular plane, the x-axis lies in the 
plane of the molecule and passes through 
the greatest number of atoms (e.g. 
square planar, XeF,). If the z-axis lies in 
the plane of the molecule, then X-axis 


stands perpendicular to the plane. (e.g. 
bent HO molecule) 


(iv) For nonplanar molecules, once the Z-AXis 
has been defined, the x-axia ; 
‘ X-AXIS is usually ; igning, the 
chosen so that the XZ plane contains as Pig.8.1 — ss emits 
many atoms as possible. If there are two pene rst of 
or more such planes containing identica] = on cate a of a 
» any one may be t SRR ORACUIRS a 
y aken as Cartesian coordinate syste™ 
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g.3 SYMMETRY ELEMENTS AND SYMMETRY OPERATIONS 

The two thi x 4 

Jated, and hot * Symmetry elements and symmetry operations, are closely 

ly and it j “lhe often confused. They are, however, different kinds of 

=a di " Important to grasp and retain, from the outset, a clear 

ipa reaneInS © difference between them. The symmetry of a molecule or ion is 
defined in terms of symmetry elements and symmetry operations. 


A symmetry element is an imaginary geometrical entity such as a line, a 


plane, or point about which a symmetry operation can be performed. A symmetry ~ 


operation is a movement of an object about a symmetry element such that the object's 
orientation and position before and after the operation are indistinguishable. In other 
words, if we note the position and orientation of an object before and after a 
movement is carried out, the movement is a symmetry operation if these two 
positions and ofientations are indistinguishable. This means that the operation 
carries every point of the object into an equivalent point or back into the identical 
point. One final way in which we can define a symmetry operation is to say that its 
effect is to take the body into an equivalent configuration. By equivalent 
configuration we mean one which is indistinguishable from though not necessarily 
identical with the original. , 


Symmetry elements and symmetry operations are so closely interrelated 
because the operation can only be defined with respect to the element, and at the 
same time, the existence of a symmetry element can be demonstrated only by 
showing that the appropriate symmetry operations exist. The symbols for the 
symmetry operations are the same as these for the symmetry elements, but in 
literature operations are given a caret like quantum mechanical operator, because 
they can be applied to wave functions. 

The symmetry of an object can be described by listing all the symmetry 
operations it possesses. The number of operations can be as few as one (the identity), 
or as many as infinity. The operations are referred to as identity (E), rotation 
(sometimes called proper rotation (C,), reflection (co), inversion (i) and rotation- 
reflection (sometimes called improper rotation) (S,,). All the symmetry elements for 
an object pass through a common point at the centre of the object. Therefore, the 


symmetry of an isolated molecules or ions is referred as point group symmetry. The 
relationship between symmetry elements and symmetry operations is described in 


Table 8.1 . . 
\" ’ 
‘ qr 
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Table 8.1 The symmetry elements and the 
corresponding symmetry operations 


Symmetry Operations 


Symmetry Elements 


Rotation once or several times by an angle 6 


Proper axis of symmetry (C,) 
= (2n/n) about the axis. 


One or more reflection in the plane. 


Plane of symmetry (o) 


Rotation about the axis followed by reflection jn 


Improper rotation (S,,) 
the plane perpendicular to the rotation axis, 


Inversion of all atoms through the centre of 
symmetry 


Centre of symmetry (i) 


Identity (E) This operation leaves the molecules unchanged, 


8.4 IDENTITY ELEMENT 


The simplest of all symmetry operations is identity, given the symbol E. This 
operation leaves the molecule or object unchanged. If a sequence of symmetry 
operations brings the molecule or object back to its original configuration, the net 
operation is called identity operation. Every object possesses identity. If it Possesses 
no other symmetry, the object is said to be asymmetric. As an operation, identity does 
nothing to the molecule. It exists for every object, because the object itself exists. The 
need for such an operation arises from the mathematical requirements of group 
theory. Of more immediate concern, identity is often the result of carrying out a 
particular operation successively a certain number of times. In other words, if you 
keep doing the same operation repeatedly, eventually you may bring the object back 
to the identical orientation from which you started. Thus, if a series of repeated 
operations carries the object back to its starting point, the result would be identified 
simply as identity. For example, two successive rotations about the C,-axis in water 


are equivalent to identity. This fact is expressed as G = E. Also e =E, ce = E. Each 


of the elements E, o and i generates only one operation because two successive i or 6 
operations bring back the molecule or object to its original configuration, 


o=E, P=E 


8.5 PROPER AXIS OF SYMMETRY/PROPER ROTATION 


The proper axis of symmetry or proper rotation is designated by C,, where 
rotation about an axis by 2n/n radians (360°/n) brings.the molecule or object back to 
an equivalent position. The value of n is referred to as the order of rotation. By order? 
is meant the value of n in (2n/n) such that the rotation through 2z/n gives an 
equivalent configuration. In other words, a molecule or object is said to possess 4 
proper rotational axis if a rotation through 2z/n radians (360°/n) brings the molecul¢ 
to a equivalent position. The corresponding element is referred as an n-fold rotation 
axis, The value of n can vary from 1 to infinity (») for various molecules. 
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The value of n = 1 corresponds to a rotation through an angle 21, which it 

means doing nothing on the molecule. In other word, C, means an identity operation 

g which leaves the molecule unchanged. Other examples of molecules having C, axis A 

are CHyCHO, HNCIF, HCFBrCl ete, i 


Water (H20) and hydrogen sulphide possess Cy axis of rotation or symmetry. 


The z-axis in water molecule is a two-fold axis of symmetry. A rotation through 27/2, 
;e., 180° about this axis is called the Cp operation. Consider water molecule to be 


placed on the plane of paper and it is rotated 180° about an axis passing through the 
oxygen atom and bisecting the angle between two H-atoms. The new orientation is 
superimposable on the original one. It may be observed that the new orientation 
produced by 180° rotation is equivalent to but it is not exactly identical with the 
original. The two equivalent H-atoms have been interchanged and the new 
orientation is indistinguishable from the original, because the H-atoms are 
equivalent and indistinguishable. A second 180° rotation will bring the molecule to 
the original form. Any atom which lies on the proper axis of symmetry is unshifted by 
any rotation about that axis. Other examples of molecules having Cy axis are H,S, 


hydrogen peroxide, cis-1,2-dichloroethylene etc.. 


—_— Ff —— X Rotation through O : 
IN ar aa" | 
H ; 1 

Hy He 1 | 


Fig. 8.2 H,O molecule before and after C, operation 


molecule that has a three-fold axis of symmetry, C3. 
120°) may be performed in a clockwise or 
on brings the molecule to its equivalent 
] with the original (i.e. all the atoms are not 


Figure 8.3 shows BF; 


Rotation about this axis by 2n/3 (Le., 
anticlockwise direction. Either operati 
appearance, but neither result is identica 


— . . > . ? 
in there original places). The clockwise C3 and anticlockwise C, rotations must 


therefore, be regarded as two distinct examples of rotation about a three fold axis. If 
a . be - . . 
however, G, is performed twice, i.e. CG, the molecule is then brought into a position | 


} ; <— . . 
identical to that which results from C3 on the starting object. 
> > €& , 
C. x C4= Cs 
—> 2 << 
(C3)" = C3 


However, it may be noted that 


33 8 
) a C,=E=C, 
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; 
Thus a rotation in a clockwise marwter could be expressed in terms of , 
rotation in an anticlockwise function or via versa. 


~ 


C3 Cs ‘ 
ms 
NA NZ ~ va 
F3 F, HL 


la 


2n/3 


Fig. 8.3 Results of various rotation about the C,-axis in BF, molecule 


After discussion of above, it is easy to accept some more general statements 
about proper axis and proper rotation. In general an n-fold axis is denoted by C,, and 


a rotation by 2z/n is also represented by the symbol C,,. Rotation by 2z/n carried out 
successively by m times is represented by the symbol cr . Also in any case Cc, =f, 


1 2 
oo = =<, c = c and so on. The other examples of molecules having C, axis. 
are: Sine (NH), phosphine (PH), chloroform (CHC1,), bromoform (CHBr 3) etc. 


Fig. 8.4 shows sulfer hexafluoride (SF,) that has fourfold axis of symmetry 
which passes through F;-S-F, atoms and is perpendicular to the other four fluorine 
atoms. A rotation through 2n/4 1.e., 90° about the axis is called C, operation. It can be 
seen that successive C., operations (all clockwise) yield four different symmetry 
Operations, C,, c as C and oe Note that 


=F 
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F; “ I, 
nN Fai oe oe Fy 
| | INA 
a rs | 
Fy | iithinnica F, F, _— | ee F . 
| Fe Fg 
3 
C4 a C4 
Fs Fs . 
Fy eerscecedscccceves Fy , F, sernceccdeccoqesce “1 
% i | \ ff i oy 
. C4 P | 
Fy covers | scat F, Pye | sassigiiad Fe 
Fe Fe 


Fig. 8.4 rotation in SF¢ molecule 


The fivefold and six fold axes of symmetry are seen in cyclopentadieny! anion 


(CgH;) and benzene (CgHy) respectively. (Fig.8.5). 


Pig.8.5 A fivefold and sixfold axes in CH, and CoH 


etylene, hydrogen chloride, etc. have an infinite- 


fold axis. A rotation through an indefinitely small angel Q: about the internuclear — 
gives ‘iiss to a confurmation which is indistinguishable from the starting molecu e. 
Such an operation which is denoted by C,, is a symmetry operation for diatomic and 


linear polyatomic molecules (Fig.8.6) 


Linear molecules such as ac 
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Fig.8.6 An infinite-fold axis in acetylene molecule 


It should be noted here that a molecule may have, two three, four fold axes of 
symmetry, but the axis of n-fold notation characterized by the largest n is called the 
principal axis. This is taken along the z-axis by convention. j 


— 


8.6 THE REFLECTION OPERATION AND THE MIRROR PLANE 


The operation of reflection is represented by the lowercase sigma (0), and the 
corresponding element is referred to as the mirror plane. Reflection in a molecule is 
based on mirror plane. If the molecule is left unaltered by a reflection in a plane, this 
plane is said to be a plane of symmetry. The results of a double reflection in the same 
plane is the identity operation, i.e., —— —_ 

isin 


o=E 


A reflection plane is a symmetry element that acts as a mirror and makes one 
half of the molecule the mirror image of the other half. If the reflection operation 


exists, for any point a distance r along a normal to the mirror plane there will be an 
equivalent point at a distance -r. 


Planes of reflection are classified relative to the principal axis of rotation. If 
the plane contains the principle axis, the symbol is o, (vertical plane). If the principle 
axis is perpendicular to the plane of reflection, then reflection on this plane is called 
6}, (horizontal plane). Besides the 6, and oj planes, a special case of G,-plane is found 
in some molecules that have two-fold axes at right angles to the principal axis. If the 
planes of reflection bisect the angles between the two adjacent two-fold axes and pass 
through the principal axis, they are called Oy planes (d for dihedral). 


Figure 8.7 shows the five mirror planes found in a square plane, such as 
planar MX, molecule. The five planes are grouped into three classes: Op» 2a, and 204, 


Notice that all mirror planes pass through a common point at the centre of the 
molecule. 
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Fig. 8.7 Mirror planes of square planner molecule MX, 


Fig. 8.8 Different reflection planes in HO, NH; and C,H, molecules 
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Fig. 8.8 shows the different reflection planes in Hj,O, ammonia and benzeng a 
molecules. It is obvious that H,O has two o, and ammonia has three o, planes of 


symmetry. Benzene molecule has sixfold axis of symmetry. At right angle to the 
principal axis is the plane of molecule itself. A reflection in the plane of the molecule 
leaves the molecule unaltered. Hence benzene possesses a Op, plane. Besides, o, ang 


3}, benzene molecule also possess three og planes. 
Fig. 8.9 shows the different mirror planes in SOs, cis-dichloroethylene, trang. 


dichloroethylene and ferrocene molecule. SO, has 30, and one 6}. Cig. 
dichloroethylene has 20,, while its transform has only oj. Ferrocene molecule hag 


504 mirror planes. 


Od 2. 


oh 
4 


Od Od 
5 


Sh 


Fig. 8.9. different mirror planes in SOs, cis-dichlorethylene, 
trans-dichloroethyle and ferrocene molecule. 


8.7 ROTATION-REFLECTION AND THE IMPROPER AXIS 


Rotation-reflection is a compound operation that consists of prope 
by 2n/n about an axis followed by a reflection in a plane perpendicular to t 
rotation. It is also called improper rotation and is given the symbol §,. 


reflection in a plane perpendicular to the principal axis, then by definition 


r rotation 
he axis of 
If on is a 


Sn ” Crop = o,C, 
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affect. the 


ye the order in which the operations C, and o,, are performed does not . 
is j 1 en, 
its. One can see that this is a new form of symmetry operation. Whey » !* ev 


whe 


nop~n nip _ 
S,=C, 5, =BxE=E ! 
it} . . to its ' 
Thus, an n-fold repetition of the improper rotation returns the molecule 
itial position. If n is odd, this 
in 


nig n_ _ 
S$, =C, Xo, = Exo, =o) | 
. i ‘on in a plane 
jin Gani Tepe would be equivalent to simple reflection in a Pp 
he axis. 
endicular to t | 
™ improper rotation, although 


llustrated in Fig.8.10. By 
hat two S4 


A tetrahedral molecule of the type XL, has an Sy 
oes not have either the C, or o}, operation. This is i 


it d ee , 
mparing out a second successive S, operation, it can be shown 
co 


operations are equivalent to C, operation. 


ill \ Ite 


a 


_ tc “ll 
Q 
_~ 


<a 
o 


é 
lp wll] X {lh Ly S, Operation 


a) 


oh 


————— + 


om " r 
s 


Fig.8 10 The improper rotation of a tetrahedral molecule XL, 
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Methane and Allene (C3H,) molecules possess 8, rotation-reflection Axi, 


Methane molecule can be inscribed in a cubic geometry. 
For methane molecule, one of the three S, axes may be shown as below. 


H H 


view down the S, axis. 


Fig. 8.11. S, axis of improper rotation in methane and allene molecule. 


Let us consider another example of allene, C3H, molecule which can be 
inscribed in a rectangular box. The hydrogen atoms are present at the vertices as 


i ; 2n 
shown in Fig. 8.11. First a rotation of rn 90°, then reflection through a plane 


perpendicular to the axis of rotation results in an equivalent configuration. Hence the 
rotation is called S, improper rotation. 


8.8. THE INVERSION OPERATION AND THE CENTER OF SYMMETRY 


The operation of inversion is relative to the central point in the molecule 
through which all the symmetry elements pass. Center of the symmetry is the point 
such that any line drawn through it meets the same atom at equal distances !" 
opposite direction. It can also be defined in another way. There is an inversion 
operation and center of symmetry if for every point in the molecule (x, y, 2) there 8 
an equivalent point at coordinates (-x 
as the center of symmetry. It is denoted by italics 7. Molecules that have center ° 
symmetry are known as centrosymmetric. If the inversion operation is performe 
twice, it brings every point back to itself. 
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ig, 8.11 list : 
na = a a with centre of symmetry. This element of | 
: g axis. All homonuclear diatomic molecules possess the 


f symmetry. (on 


— 7. a2_ 2 
Sy = 1; Sy = =B 


centre fo) 


Fig. 8.11 Examples of molecules with center of symmetry. 


Example 8.1 . 
How many distinct operations are implied by a Cg axis of rotation? 

| Solution | 
| Following are the distinct operations implied by Cg axis. . 
1 2 3 4 5 6 : 

Ce Co Ce Ce SS CE 


] 1 2 , 
C, Cy C3 E a 
| 


| Example 8.2 


Show the effect of Co 
the column vector (x, y, 2) 


| -axis of rotation, center of symmetry, i, 6;, and oy, on a 
, 
point represented by 


Solution 
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8.9 THE SYMMETRY POINT GROUPS 


Molecules can be classified into high symmetry molecules and low symmet 
molecules, based on the symmetry elements and symmetry operations Present jn mF 
them. All the symmetry operations present in a molecule form a group. A Molecula, — 
group is called a point group since all the elements of symmetry present in 
molecule intersect at a common point and this point remains fixed under al] the 
symmetry operations of the molecule. It is to be noted that the identity Operation jg 
present in all molecular points groups. The symmetry group of a molecule is denoteg 
by a specific symbol. Molecular point groups are denoted by the symbols introduced 
by Schoenflies. The point group differs from the space group as is found in crystal, 
where some of the symmetry operations result in a translation of the molecules ora 
unit cell, to a new location in the crystal. The point groups for crystals are denoted by 
Schoenflies notation or the Hermann-Maugnin notation. 


A given molecule can have a number of symmetry operations. The symmetry 
operations that do apply to a given molecule in its equilibrium configuration form a 
mathematical group. A group in mathematics consists of a set of members (which 
may be number or matrices) which obey the following rules. . 


1. Two elements of a group combine to give the third element of a group. For 
example, let A and B are two elements of a group, then their product (say.C) 
will also be a member of the group 


AB=C 

2. An element combines with itself to form another element of the group AA = 
B. . 

3. Every group consists of one element which commutes with all the elements 
and leaves them unchanged. This element is known. as the identity (E) 
element é ' 

EA=AE=A . 
4, Every element of the group obeys the associative law of combination. If A, B 


and C are the three elements of the 
multiplication holds): 


(AB)C = A(BC) | , 

5. ° Each element of the group has an inverse or reciprocal which is also an 
element of the group. The element and the inverse combine to give the 
identity element. The inverse operation A”! . myn 

ATA=AA=B | 
is that which returns the object to its original position. Hence, the inverse of 
a Co, 6 or i operation is itself (viz., C>C, = E; oo = E: ii = E). The inverse of a 
2 


3 While the inverse of an si! operation is an a, 


group, then (or associative law of 


1 oo, 
C, operation isa C 


The set of numbers between 


process. It is to be noted that zero is not included as an element of the group. Thes?. 


Scanned with CamScanner 


-© to +o form a group by the multiplication re 


www.pdfgrip.com 


Molecular Symmetry 641 


s satisfy the rules of the group as follows: 
2x4=8 (by rule 1) 
2 x 2 = 4 (by rule 2) 
(2xlalx2 (by rule 3) 
2 xeol x 6) = (2x 4)x6=48 (by rule 4) 


2x R= 1, therefore R =5 (by rule 5) 


number 


elements commute 18 

= BA. The set of 
Itiplication process. 
a, multiplication is 


There are different types of groups. A group in which all 
called an Abelian group. Two elements A and B commute if A 
numbers between —° and +c form an Abelian group under the mu 
Zero is not included as an element of the group. In ordinary algebr 


commutative €.B. 
xxy=yxx 


3x 6=6x3=18 


7 


ons in H,O molecule 


hold. Thus AB may 


Fig.8.12 Combination of two operati 


e law does not in general 
and ‘D’ are two more elements in the group. 


Abelian 
tions of water molecule obey 


In group theory, the commutativ 


give ‘C’ while BA may give ‘D’, where ‘C’ 
The set of symmetry operation 
group. Fig.8.12 illustrates the idea that symmetry opera 


the commutative law. 


s of water molecule represents an 


oa operation followed by Sy operation leads to the configuration A. 6, 


al leads to the same configuration as shown in fig. 8.12. The 


- operation followed by 
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symmetry operation of water molecule satisfies the rules of the group ag follows: 
c 6, = o. (by rule 1) 
| , 
Cy C,=C,= E (by rule 2) 
@ E=E C, = é (by rule 3) 
] ON, es ] BP es - } 
C,(9,,, om) =(C, o,) 7 = E (by rule 4) 


-o,=E (by rules 5) 


Gy “By 


or o,, : o. =E (by rule 5) 
The product operations of H,O molecule are summarized in the following 


multiplication table. 
Table 8.2 Multiplication Table For Cyy Group 


Operation A 


Operation B 


The above table shows (since no additional operations are generated) that 
these four symmetry operations form a group and that the operations are 
commutative. The point group is designated by Schenflies symbol Cys, 


A group is said to be non-Abelian if all the elements do not commute with one 
another. The symmetry operations of the NH molecule provide an example for the 


. ; ; a a 3 ; — 
non-Abelian group. E, C,, C,, a , 0, and o. are the operation present in this 


molecule. The elements of this group do not obey the commutative law. Other 
example are AsH,, PH, etc. 


The number of elements in a group determine the order of a group. It is 
represented by ‘h’. Any collection of the elenients of a group that by themselves form 
a group is called a sub-group. 


* 


The various types of point groups are defined below and are illustrated i? 
Table 8.2. 
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point Group C, 


, ©. The — ains molecules with no elements of symmetry, except the 
identity - an ntity is equivalent to a 360° rotation about any axis. CIE, 
CH,CHO an rClF belong to this point group. 


point of Group C, 


This group contains molecules that only have a reflection plane o. CH,CIF, 


HOCI, C1,SO, pyridine etc. belong to this point group. 


Point Group C; 


This group contains molecules that have only center of symmetry. Molecules 


like 1,2 dibromo-1,2-dichloroethane belong to this point group. 


Point Group C, 


Molecules possessing only an n-fold axis of rotation belong to 4 C, point 
group. For example, non-planar H,O, belongs to Cy point group, while propeller 


shaped tripheny] carbonium ion belongs to C3 point group. - 


Point Groups C,, 
A molecule with n-fold axis of rotation and n vertical mirror planes (which 
are necessarily collinear with the n-fold axis) belong in one of the Cyy point groups. 


For example, H,0, ammonia, HyS, XeOF, etc. 


Point Groups Cyn 

Molecules with an n-fold axis and a plane of symmetry perpendicular to this 
axis belong to one of the C,}, point groups. Such a plane is referred to as horizontal | 
mirror plane. The Cyp point Ives a center of symmetry as well. 


Transchlorethene, planar boric acid etc. 


group necessarily invo 


Point Groups D,, 
Molecules with a C, axis and a Cy axis perpendicular to this axis are in the 


D,, point group. 


Point Groups Dg 
a perpendicular Cy axis and a dihedral mirror 


Molecules with a Cy axis. 
dral mirror plane is collinear with the 


4 point group. The dihe 


plane are in the D,, 
pendicular Cy axes. 


principal axis and bisects the two per 
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Point Groups D,,, 


Molecules with a C,, axis, n-vertical mirror places, nC, axis Perpendicula, 
C,, axis and a horizontal mirror plane belong to one of the D,,, point groups if , ; 
' i 
even, then center of symmetry is also present. Ethylene, naphthalene BF, belong 4, 


the point groups. 
. 


Special Point Groups 


A number of molecules can be assigned to the special point groups. A linear 
molecule which does not have any symmetry plane perpendicular to the molecula, 
axis belongs to the group C,,y. a group of infinite order consisting of rotation about 
the molecular axis and reflections in planes containing the molecular axis. e.g. HO] 
HBr, HF molecules. Linear molecules which do have a plane of symmetry 
perpendicular to the molecular axis belong to another group of infinite order called 
D,,,- They also possess an infinite number of Cy axes perpendicular to the moleculay 


axis and an inversion center e.g. Hy, Cly. Bry, Ny etc. 
The second class of special groups to be described are the so-called cubic 
groups. There are several such groups but only two be considered for Our purposes, 


These are the groups to which regular tetrahedron and regular octahedron belong. 
Both of these groups may be inscribed in a cube, and hence these are also known as 


cubic groups. 


Ty Point Group 
A tetrahedron or any tetrahedral molecule possesses the following symmetry 
elements. _ 
(i) Three S, axes coinciding with the x, y and z axes. Each of these generates the 
operation S,, oy = C, and s 
(ii) Three Cy axes coinciding with x, y and z-axes. each of which generates an 
operation Co. 
(ii) — Four C3 axes each of which passes through one apex and the center of 


. 9 
opposite face. These each generate C., and C;, operations. 


(iv) Six planes of symmetry each of which generates a symmetry operation. . 
This entire set of operations then includes E, six improper rotation (S4's and 

2, 
Si's) three two fold proper rotation, eight three fold proper rotations (C,’s and C;'s) 
and six reflections, or 24 operations in all. SiF 4» CCly, Ni(CO),, CH, belong to this 


point group. There is no center of inversion for this point group. Thus tetrahedral 


molecules have E, 3Cy, 3C3(8C3), 354(6S,), 604. 
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0), Point Group 


F Cl 


L | 
* | \, of | Ny 


Fig. 8.13 Characteristic elements of symmetry in a regular tetrahedron. 


rahedron 


Fig. 8.14 Regular elements of symmetry in a tet 


tahedron has the following symmetry elements and operations. 


A regular oc 
each passing through a pair of opposite apice 


Three S, axes, 


s, each generates 


4 3 
the operations Sy, Cg, S4- 


Three C, axes collinear with Sjs- 


Three C, axes collinear with the S4’s and Cys. Each generates a set of 


operations Cy, Cy and e but only C, and Pa are new. 


passing through the center ofa a ) 
Cz, L, c. Sp. 


Four Sg axes, each f opposite triangular 


faces, Each generates a set of operations Sg, 


Six C, axes which bisect opposite edges. Each generates an operation Cy. 


Four Cy axes collinear with the S,s. Each generates two operations 


Cs, and C5. 
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(vii) An inversion center which generates an operation i which is also Benerate 
by each of the Sg axes. d 


(viii) Three planes of symmetry which pass through four of the six apiceg, Each 
generates an operation o. 

(ix) Six planes of symmetry which pass through two apices and bisect two 
opposite edges. Fach of these generates an operation o’. 


Counting E and each of above operations, we find total of forty eight 
operations in this group, which is called O,. Fig. 8.15 illustrates a regula, 


octahedron. SF, AIFe, PtClg belong to this point group. Thus this group hag 
E, 8Cz, 6Co, 6C,, 3Co, “a 68, 8S,, 30}, 604. 


Fig.8.15 An octahedral geometry of SF, molecule 


Table 8.3 Common Schoenflies Point Groups with Examples 


Shoenflies Symmetry Elements 


C, E CH,CHO, CHCIBrF 

Cs E,o NOCI, CH, CIF 

C; E, i CH,;—CHCI—CHCI—CH,(trans) 
Cx, E, Cp, 20, H,0,H,8,CH,Cly,S0,S0,Cly 
C3, E, C3, oy NH3,PH3,POCI,,HCCl3,PCl, 
Cyy E, C4, 40, XeOF, 
Cs E, C,) © oy CO, HCN, OCS 


Con E, 2Co, o}, i a CICcH=C HCl 
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Symmetry Elements 


E, 3C,(mutually perpendicular) 
20, On L 

E, C3, 3CyLC3,36,, o, 

E, C4,4C21Cy, doy, op, Co, Sy, t 


CH, = CHy, N,O%4 


BCI, PF; 


Cyclobutane, ptCl;, 


Benzene 
Hy,CO9,HC = CH 
H,c=C= CH, (Allene) 


E, Cg,6C21Cg,6o,, G}:Co,C3,S¢6 1 
E, C,,,0CoLC,,,0G,, Op, t 


E,2C,(mutually perpendicular) 
54,204 
E, C4,3Co1LC2,8¢,1,3804 


CgHj2 (Cyclohexane) 
CoHg (Staggered Ethane) 


ing the point grouP of any 
ability to find the symmetry 
eved by continued practice. 
atically and be 


There is a systematic procedure for determin 
molecule. The success of the procedure depends on your 
elements present in the molecule. This skill can be achi 
The determination of point groups may be carried out quite system 
facilitated by the use of decision tree as shown in Fig.8.16. 


“Special Groups” 


q Fj 4% ee . 
" ig.8.16 Decision tree for systematically determining the point group of a molecule 
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Let us be now work some examples. 
Examples 8,3 H,S 


(i) H,S is a non-linear molecule and it does not belong to any special 


Point Broyp 
like Ty, O}, and Ij. 
(i) The molecule possesses Cy axis. 
(iii) There are no Cy-axes | to the principal axis. 
(iv) There is no 6}, so the Co, group is ruled out. 
(v) There are two o, hence the point group is Coy. 
Example 8.4 PCI, 
(i) PCl; possesses trigonal bipyramidal geometry and does not belong to any 


special group. 
(ii) * The molecule possesses C3 principal axis. 
(iii) There are three Cy axes _ to the C3-axis, hence it must belong to D-group, 


(iv) There is a o}, and hence the molecule belongs to Ds). 


Example 8.5 SF,Cl 
(i) SF,Cl exhibits square planar bipyramidal geometry. 


(ii) The molecule possess C, principal axis. 


(ii) There are no 4Cy axes 1 C, axis, here it does not belong to D-group. 
(iv) ‘There is no G}, plane, only 4o, are present. 


(v) Here the molecule belongs to C,,. 


Example 8.6 HBr 

(i) HBr is a linear molecule. 

(ii) It has no centre of symmetry, 
(iii) —‘It possess C.,, as principal axis 
(iv) There is no Op. 


(v) The molecule belongs to Cases 


«ae . aah 
r, multiplication table ca7 i 
» consider the trans-dichloroethylene iiviecule. 
S}, and i). It is easily seen that 
All such combinations are better es 
combinations of the type AB até 
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sown by writing the operations A at the left of each row and B at the end of each 


column and AB means operation B followed by A. 


H C 
Yemet 


cl H 


Table 8.4 Multiplication for C,,, Point Group 


First operator 


Second operator 


The multiplication of symmetry operators is somewhat difficult to 


understand. Therefore the method of using a stereographic projection, for 
multiplication purpose, is used. For each point a stereographic projection may be 
drawn to show the characteristic symmetry operators. For stereographic projection 
one can define a working area with a dashed line and make some “general point” 
with a small circle as the reference point. In order to generate the point group e.g. 
Cop» first Cy operation is applied to the general point and then o}, operation is carried 
out, The presence of a Cy and 6}, plane, shows that there must be another symmetry 
i) to bring the reference point to the original position. With the help of 
stereographic projection, we can perform multiplication as shown in Table 8.4 for 
trans-dichloroethylene and Table 8.5 for H,O molecule. In the stereographic 


projection, the working point lies above the plane of page. Inversion through centre of 
the working area takes the point below the plane of page represented by x. 


operation (i.e., 


“7 -~ a 
wf en a @ os i 
/ \ / ‘\ / XN 
/ \ / \ / \ 
/ \ / \ / \ 
1 \ t \ ! \ 
| | | | | ! 
\ / \ | \ ! 
\ / \ / \ i 
\ / \ ip \ / 
\ / c - 7 . Me if 
Sw ot 2 “eA 8 at h > ‘8 ane 


Fig.8.17 Stenographic projection for Coy, point group 
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Table 8.5 Multiplication Table for Cy, Point Group 


First operator 


Second operator 


aes a, o= ea 
ge fe) “ gr (@) ina 
/ \ / \ 
/ \ / \ 
/ \ / \ 
{ 1 Co ! \ 
] j}——— |! | 
\ i] \ / 
\ / \ / 
\ / \ / 
he af am i 
ie OEP ~~ O] U-” 


ww JON 
/ \ 
/ \ - 
{ \ Oy 
\ / 
\ / 
\ / 
a fe) ee 
Fig.8.18 Stereographic projection for Co, point group : 


Table 8.6 Multiplication Table for C3, Point Group 


First operator 


Second operator 
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Fig. 8.19 Stereographic projection for Cz, point grouP 


g.11 OPTICAL ACTIVITY AND DIPOLE E BASIS OF 
y OINT GROUP SYMMETRY MOMENTS ON TH 


A knowledge of the point group symmetry of a molecule c 
whether the molecule is optically active or not. A molecule will be 0 


does not possess S,, axis of any order. This means that molecule should not 
y improper axis of 


an be used to find 
ptically active if it 
have the 


reflection plane (S, axis). The inversion center (Sy axis) and an 
order n. If a molecule and its mirror image cannot be superimposed, it is potentially 
optically active. Since a rotation followed by a reflection always converts a right- 
handed object into a left-handed object (i.e.) produce a mirror image of the original 
object), an S, axis generates that a molecule cannot exist in separate left and right 
handed forms. All improper rotation axes (S,,) convert a right handed object into left 
whereas all proper axis of rotation (C,,) leaves a right handed object 


unchanged in this respect. Hence only molecules that have no improper symmetry 
elements can be optically active. Thus a molecule may be chiral ,and therefore 


optically active, only if it does not possess an axis 0 
molecules with center of symmetry are achiral and hence optically inactive. Some 


xamples of optically active compounds are given in Fig.8.18. 


handed objects, 


Fig.8.20 Optically active molecules with asymmetric center 

(a) Alanine (b) Haloalkane 

ut whether a molecule possess a permanent dipole 
or not from the point group symmetry of the molecule. A dipole moment is a vector 
quantity that is not affected either in direction or in magnitude by any symmetry 


operation of the molecule. Therefore, the dipole moment vector must be contained in 
each of the symmetry element. Consequently, molecules that possess dipole moments 


belong only to the point groups 
dipole moment is along the Cy axis in 


—_—— 
——~ - 
_—_ 


It is also possible to find o 


C,, C, and C,,y» or the infinite point group C,,. The 
the C, and C,y pecuye. In C, group the 


— 
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moment lies in the reflection plane. Fig.8.19 shows molecule which possess a definite 
dipole moment. 


H 
O “Sgn =C =O) ° 
fs x 
H Cl H 
(a) (b) 
H 
Cl H 
H Cl O=C=S 
(c) (d) 


Fig. 8.21 Examples of molecules with dipole moment (a) NOCI (C,) (b) Ketene (C,,) 
(c) Trans-1,2-dichlorcyclopropane (C,) (d) COS linear (C,,) 

Dipole moment of a molecule is zero if it has the inversion center. Molecules: 
with many Cy axes also possess zero dipole moment since they have symmetry 
operations which turn them upside down. The same explanation holds good for 
groups C3), Dg and so on. 


8.12 ORDER OF A GROUP 

The total number of elements of a group is called order of the group. It is 
denoted by letter ‘h’. The order of Cy, and Cy, point groups is four, as both groups 
contain four symmetry elements. 

Any collection of the elements of a group that by themselves form a group is 


called sub-group. A sub-group is just a group within a group that possesses the four 
properties which define a group. For example, we can write E, Cy; E, o,, and E, Oye 


as sub-groups for the Cy, point group. Each sub-group is of the order 2. The order of 
any sub-group divided by the order of the main group gives an integer, called index of 
sub-group. ; 

order of sub-group 


Index of sub-group = order of the main group 


For example, in Cy, point group 


Lol 


Index of sub-group =< = 


8.13 SIMILARITY TRANSFORMATION 


We know that in a given group it may be possible to select various smaller ‘ 
sets of elements, each such sct including E, however, which are in themselves groups. , 
There is another way in which the elements of a group may be separated into smaller 
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such set 
s, and s are called classes. Before defining a class we must consider an 


set 
ration known as similarity transformation 


ope 
If A and X are two elements of “1 
a ] to some 
spas "faa BND ARS Bc Wea group, then X AX will be equa 


B=x lax 


We express this relation in words by saying that B i 
of A by X. We also say that A and B are conjugate. Th 
ugate elements are important. 


s the similarity transform 
e following properties © 


con] 
® = element is conjugate with itself. This means that if we choose any 
a aid element, A, it must be possible to find at least one element, X, such 
tha 
A=X AX 


If we left multiply by A we get 
AA =E=A'X AX = (KA) (AX) 


"which can hold only if A and X commute. Thus the el 
E, or it may be any other element which commutes wi 


s conjugate with A. This means that if 


ement X may always be 
th chosen element, A. 


(ii) If A is conjugate with B, then Bi 
A=X''BX 


then there must be some element, Y, in the group such that 


B=Y ‘AY 


That this must be s 
multiplications, viz., 


XAX! = XX /BXX | =B 
Thus, if Y = x7! (and this also y ! =X), we have 


o is easily proved by carrying out appropriate 


B=Y !AY 


and this must be poss 
7s 


(ii) If A is conjugate with B and C, then B and C 


ible since any element, say X, must have an inverse, say 


are conjugate with each other. 


3.14 CLASS OF A GROUP 


A complete set of elements which 
class of the group. , 
In order to determine the classes within any particular group we can begin 


with one element and work out all of its transforms using all the elements in a grou 
including itself, then take a second element, which is not one of those found to - 


are conjugate to one another is called a 


Scanned with CamScanner 


www.pdfgrip.com 


654 Modern Physical Chemistry 


conjugate to the first, and determine all its transforms, and so on until all elements 
in the group have been placed in one class or another. Let us start with E, 


E'EE=EEE=E 


: 
| 


A 'EA=A7UAE=E 
B'EB=B BE=E 


Thus E must contribute by itself a class, of order 1, since it is not conjugate 
with any other element. This will of course be true in any group. To continue, 


ETAE=A | 
ATAA=A | 
B’AB=C 
ClAC=B 
D'AB=B 
FAF=C 


Thus the elements A, B and C are all conjugate and are therefore, members 
of the same class. The orders of all classes must be integral factor of the order of the 
group. Classes in Cy, point group are shown in Table 8.7. 


Table 8.7. Classes of C,,, Point Group 


E Cy Fi Oyz 


E 
Cy E Cy Syz 
Ox, E Cy Oye 
O71, 


E Cy Ox Oyz 
The symmetry elements of a group are put into classes. Each of the four 
symmetry elements of Cy, point group belongs to a separate class. Even the mirror 


planes do not belong to the same class. 


8.15 MATRICES 


Any symmetry operation about a symmetry element in a molecule involves 
the transformation of a set of coordinates x, y and z of an atom into a set of new 
coordinates x’, y' and z’. The two sets of coordinates of the atom can.be related by a 
set of equations. This set of equations may also be formulated in matrix notation. 
Thus each symmetry operation can be represented by a specific matrix. A knowledge . . 
of the matrices of the various operations in a molecule will be useful to solve ‘ 
——— —S| 
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al i : i 
a oailee on om chemniery . For example, the symmetry of vibrational modes 17 
m : ysed using the matrices for the different operations. 
matrix 1 
rix is a rectangular array of numbers or symbols for numbers. 
1 
P 23 Ai, Ary 
5 6 and Ap, Age 
78 9 43, 433 


are two examples of matrices. Any elements of the matrix 


Ay) 4x9 
Ay; Ao 
Ag, Ag; 


where i denotes the rows (horizontal sets) and j denotes the 


can be represented by aj, 
defined by the number 


columns (vertical sets). The order or dimension of a matrix is 
of rows and columns. Thus a matrix which has m rows an 
dimension m x n. A special case is the square matrix in whic 
equal to number of columns. The 


1 2 3 


h number of rows is 


A row matrix is one which has one row an 
one which has m rows and one column. Examples o 


are as follows: 


f row matrix and column matrix 


Row matrix: [1 2 4 6] 
1 

Column matrix: 4 
6 


Diagonal Matrix 


Consider a square matrix 


As, As. 433 
The elements aj}, 492 and a33 are called diagonal elements. The matrix is 


called diagonal matrix if all elements other than a)), agg and agg are zero. If all th 
. e 


elements in a diagonal matrix are equal to 1, the matrix i 

: ‘ rix is referred : ' 
matrix or unit matrix and is symbolized as J. Examples of diagonal m i Be identity 
matrix are given below: atrix and unit 


~ 
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Diagonal matrix: 0 5 0 


Unit matrix: 010 


Zero Matrix or Null Matrix 


A square or rectangular matrix in which all the elements are zero is called a 
zero matrix or null matrix. 


0 0 
0 0 
is a null matrix of order 2. 


Singular Martix 


A singular matrix is one for which the determinant is zero. A determinant is 
a number which can be written in the form of an array. Example of a determinant is 
given below: 
3 7 
9 8 


The value of the determinant is 
. 3x8-9x7=-39 


Every matrix has a value for the determinant. The matrix 


el 


has the value -12 for the determinant. The matrix 


ial 


has the value zero for its determinant and is therefore called as a singular matrix. 


Formation of Sub-matrices | 
Any square matrix of order n can be divided into sub-matrices as illustrated 
below: 
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23400 0 
57800 0 | 
793000 
000100 
00002 4 
0000 5 6 

jg a matrix of order 6. This matrix can be blocked into three gub-matrices. They are 

as follows: 


eas 2 4 
57 8 a [Fg 
9 3 5 6 


Ir , 


(a) (b) (c) 


Inverse of a Matrix 
A square matrix B is called the inverse of A if 
AB=BA=I1 


where / 1s the unit matrix. Inverse do 
inverse of the matrix A 


es not exist if the matrix is singular. The 


can be obtained by using the following rules: 


1. Compute the determinant of the matrix A. 

2. Interchange the elements a}; and agg. 

3. Change the signs of ayo and ag). 3 

4. Divide each element of the matrix thus formed by the determinant of A. 


The resulting matrix is the inverse of A and is represented as A}. The 


inverse of the matrix B 


3 -2 
B-( 4 
1 4 
is obtained as follows. The determinant of the matrix B is equal to 14. Interchange of 
the elements 3 and 4 leads to the matrix . 


he 
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When the signs of -2 and 1 are changed, the following matrix results: 


4 2 F 
-1 3 ; 


Each element of this matrix is divided by 14 to obtain the inverse of B, B™! 
thus obtained is given below: 


Diagonalisation of a Matrix 


The process of reducing a matrix to the diagonal matrix is referred to as 
diagonalisation. Let A be the square matrix of order n. P is the similarity 
transformation matrix which reduces A to the diagonal matrix D according to the 
equation 


P'AP=D 
Let us consider the matrix A’ 
re —7 6 
-18 14 
The similarity transformation matrix P 
p- 2 1 
8 2 
and its inverse P™! 
| pol. 2 -1 
-3 2 


can be used to reduce A to the diagonal matrix according to the equation 


Pap =| hel Sh fe 1 
-3 2 -18 14 3 2 
(2 9 
2 65 

Transpose of a Matrix 


The transpose of a matrix is obtai 


~ ned by interchanging j mns 
and is represented by A. For ex ample, ging its rows and colu 
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Its transpose is 


me Ay Ag Ag 
| A ™ Ay Ag Ass 
Ais Ag, Ag 


Character of a Matrix 


Let us consider an arbitrary matrix A, represented by m rows and n columns. 


la Au A, 

A, 99 

A= (Ajj) = Ary Ar 
An An Box 


(Ay; Ago: weey Amn): 


| The elements on the leading diagonal of a matrix are Aj; 
he matrix. It is 


| The sum of these elements is called the character or trace of t 
represented by symbol, x (chi) 


y(A) = DA, 


how much of a function or an 


The diagonal elements of a matrix describe 
orbital remains in its original position after the operation. 
tely moved away, then there will be 
he overall character. Although the 
ation in the matrices, they 
ation. 


Thus if the function (or orbital) is comple 


| zero on the diagonal. It will not contribute to t 
do not contain all the inform 


characters of a representation 
do contain the enough to make them important in the theory of group represent 


MATRIX REPRESENTATIONS OF SYMMETRY OPERATIONS -_ 


The matrices for the different symmetry operations can be obtained by 
considering the effect of these operations on the components of a two-dimensional 
vector. The results can then be extended to three dimensions. 


| 8.16 


Matrix for the Rotation Operation 
. Consider the vector r in the two-dimensional coordinate system shown in 
Fig.8.12. The vector r can be expressed as a column matrix r. 


= * (8.1) 
y 


x and y are the components of the vector r. Let the vector be rotated through an angel 
§ such that components of the vector become x’ and y’. The resulting vector r’ i 
expressed as another column matrix. ™ 


, «= x’ 
Fr =| | (8.2) 
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¥ 
(b) 


Fig. 8.12. (a) A two-dimensional coordinate system used to demonstrate the rotation 
of a vector through an angel @ in the xy plane (b) A two-dimensional coordinate 
system used to demonstrate the reflection of a vector through the Y axis, 


x’ and y’ are related to x and y by the equations 
'=xcos@+ysin@ (8.3) 
y’ =-x sing 8+ y cos 8 (8.4) 


These equations are represented in the matrix form as follows: 


| ? cos@ sin | ' * | (8.5) 
y -sin§ cos@ y 
Using Eqs. (8.1), (8.2) and (8.5) we get 


does cos 8 sin’ | 
-—sin@ cos@ 


(8.6) 


If C, represents rotation about the axis by angel 8, then the rotation 
operation can be expressed symbolically as 


r=C,xr (8.7) 
From Eqs. (8.6) and (8.7) we get 
C= cos@ sin®@ 
" |-sin®@ cos@ (8.8) 


C,, represents the matrix for rotation operation. In three dimensions the 
matrix C,(z), which represents rotation about z axis, is written as 


cos@ sind 0 
Ci(z)=|-sin@ cos@ 0 


(8.9) 
0 oOo 1 


The matrices for C? operation (rotation angel 9 = 240°) and C! operation 
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cos240° sin240° 0 


Ci =|-sin240° cos240° 0 (8.10) 
0 0 1 
cos90° sin90° 0 ' 
Ci = -sin90° cos90° 0 : (8.11) | 
0 0 1 


Matrix for Reflection Operation 


Consider the vector r with the components x and y. By reflection across the y 
axis (yz plane), the components x and y become x’ and y'. x’ and y’ are related to x 


and y by the equations 
x’ = -1x + Oy (8.12) 
y’'=0x + ly (8.13) 


These equations are represented in matrix form as follows: 


| : ie 4 , | | (B14) 


Equation (8.14) is alternatively represented by 


oat ee (8.15) 
Q ir 
The reflection operation is expressed symbolically as 
r’ = Oy, XT (8.16) 


From Eqs. (8.15) and (8.16) we get 


_f-1 0 
Sy] o 1 


Extending to three dimensions we get 


-1 0 0 
oy,=|0 1 0 
001 


Matrix for Improper Rotation about the S,, Axis 


The matrix for improper rotation is given by the product of C,(z) matrix and 
O,y. Thus the matrix $, which represents improper rotation about the z axis, is 


written as 
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cos@ sind 0 10 0 
gs =|]-sin@ cos0 0| * 01 0 
0 Qo +41 0 0 -1 
cos@ sind 0 
S =|-sin0 cos0 0 
0 0 -l 


The matrix for sé operation is given below: 


cos240 sin240 9 
gZ=|-sin240 cos240 0 
0 0 -l 


(8.17) 


Matrix for Inversion Operation 
The x, y and z components of a vector r are transformed into their respective 
atives by the inversion operation. The components xX, y and z are related to -x, -y 


neg 
and -z by the equations 
g.x=-Lx + Oy + 02 (8.18) 
i.y =0x- ly + 02 (8.19) 
(8.20) 


—_ i.z=0x+ Oy -1z 
i.y andi. zrefer to inversion operation on the components x, y and z. In 


where L . X, 
matrix form, these equations become 
x -1 0 O x 
ily{=|0 -1 O/xIy (8.21) 
Zz 0 0 -l Z 


From this equation we get the matrix for inversion 1 as 


=] § OG 
ie = 8 (8.22) 


0 0 =1 


Matrix for Identity Operation 


By i . , 
y identity operation the components x, y and z of a vector remain 


unchanged. The equations whi 
ich . ; 
vector r are given below: capeaeoee We etter of identity operation on the 


E.x= Ix + Oy + 02 | (8.23) 
E.y=0x+ly +02 nh 
E.2= 0x + Oy + Iz a 
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E.x,E.yandE .z in these equations refer to the identity operation on the 
components x, y and z. In matrix from, these equations become 
¥ 1 00 x 
Ely|=|0 1 O|x|y (8.26) 
Z 001 z . 


From this equation we get the matrix for identity operation E as 
1 0 0 
E=|0 1 0 (8.27) 
001 


trace or 


The sum of the diagonal elements of a square matrix is called the 
g to the 


character of the matrix. The characters of the various matrices correspondin 
symmetry operations are listed in Table 8.8. 


Table 8.7 


Symmetry Operation | Character of Matrix 


Identity 3 
2cos #* +1 
~3 
2cos 8-1 
1 


Rotation 


Inversion 


Improper rotation 


Reflection 


* 9 refers to the angel of rotation about the axis. 


8.17 SYMMETRY PROPERTIES OF ATOMIC ORBITALS 


Let us now consider the effect of symmetry operators (characteristic for a 
molecule) on the atomic and molecular orbitals. Consider the 2s and 2p atomic 
orbitals of oxygen in water molecule having Cy, symmetry. The operators are: E, Co, 


o,” and o,’”. The operator E leaves everything unchanged. The 2s orbital of oxygen 


has spherical symmetry and it will not altered by rotation and reflections. The effect 
of other operations on the three 2p orbitals is shown in the following figure: - 
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no change = +1 


change = -1 


Fig. 8.13. The effect of Co, a", q? * operators on the three p orbitals. 


It may be seen that each symmetry operation either restores the original 
positions or there is a change in sign. When an operator generates a new orbital 
identical in sign and position with the original, the effect of the operator is the same 
as multiplying the original orbital by +1. On the other hand when the operator 
restores the oribital to its original position with a change of sign, the effect is the 
same as if multiplied by -1. These +] and -1 numbers are matrices which represent 
the action of an operator. : 


The effect of Cy, point group operators on oxygen orbitals can be summarized © 
by tabulating the representative matrices as shown in Table 8.9. p 
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Table 8.9. Effect of C,, point group operation on oxygen orbitals. 


+1 


2s +] | 

2px +1 -1 
2py +] 

2p, +] 


i ivalent to 
i i operators is equiva 
It is obvious that the product of any two symmetry OP Me taaig thee acvof 


multiplications of their matrices. The collection of matrices repr iat excl: Tt 3a 
symmetry operators of a group is called a representation i faithful if their 
represented by the symbol, r. A representation may be checke - mre rp 
multiplications correspond to the operators of the point group,. 
representation and see if it is-a true representation e.g. 


Symmetry 
Operators 


+1x+t+1l=t1 
+1x+1l=+1 
+] x+1l=+1 
+1x+1l=+t1 


+1 x+1=+41 


+1x-l=-l 
+1x+1l=+1 
ee co 
-lx+l=-l 
-l1x-l=+l 


+] x-l=-l 


+1 x-l=-l 
+1x-l=-l 
+1 x+t+l=+1 
-lx-l=+1 
-lx+l=-1 


-lx+l=-l 


The for the Cy, point group, T), P and I’, are faithful representations for the 


symmetry operators whereas I is not a faithful representation. 


8.18 REDUCIBLE AND IRREDUCIBLE REPRESENTATIONS 


We have seen several examples ‘of products operation in connection with 
Table 8.2. These products and the effects of these operations on a point in a molecule 
can be given an actual algebraic significance by writing the symmetry operations as 
matrices. When these matrices are multiplied by’each other the results are the same 
as when operations are multiplied by each other, as shown in Table 8.2. Therefore 
these matrices are referred to as representatives of their respective operations in the 
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point group. The group multiplication table can be reproduced by matrix _ 
multiplications of matrix representatives. The set of matrices for the various 


symmetry operations of a‘ point group forms a representation. 


XZ, , 
Let us consider the Cy, point group as an example E, Cy, 5, and 0,” are 


the four symmetry operations present in this group. The matrix pepreeentaton for 


this point group is given below: 


100 +1 0.9 
E=|0 1 0 Cg=|0 -1 0 
001 0 0 1 
ioe 100 
o*=10 -1 0 af =|0 1 9 
001 J 0 01 


Multiply the transformation matrix for Cy by the transformation matrix for 


e,” and identify the operation that corresponds with the product. 


1.0 O;/-1 0 O -1 0 0 
0 -1 O|/0 -1 OJ =|0 1 O 
0 0 1}/};0 0 1 001 


Thus the product yield the transformation matrix for 6,” so that | 


XZ pe yz 
a, Cy=o, 


as shown in Table 8.2. 


Thus any set of numbers of matrices that have the same multiplication table 
as the operations in the group form the representation of the group. There are an. 
infinite number of such representations of a group, but there are a finite number that 
are, in a mathematical sense, more fundamental than the others. Representation 
can be divided into two types. © ; 


1. Reducible Representation 


Representation of a group consists of a set of matrices each of which 
corresponds to a symmetry element in a group and these matrices combine in the 
same way as the symmetry elements do. If it is possible to simplify a matrix 
representation by performing the same similarity transformation as each of the 
matrices so that they are all reduced to the same block diagonalized form. The 
original representation is then said to be reducible. In the reduction of 
representation, the block diagonal form for all the matrices corresponding to the 
symmetry operations of the group should be same. 


Let A, B, C be the matrices which form representation of a group and X be 
the similarity transformation matrix of this group such that 


Scanned with CamScanner 


www.pdfgrip.com 


Molecular Symmetry 667 


x-lAX =A’ 
x 'Bx = B' 
x'CX =C’ 


Then if X is the proper transformation matrix, we have 


ai 0 0 0 b) 0 0 0 
,_|9 ag 0 0 0 by 0 
a= 7 or B= : 

0 0 a, O 0 0 bs 0 

0 0 O a, 0 0 0 by 


onal into smaller 


The new matrix A’(or B’) is now blocked out along the diag 
l elements equal 


matrices a)’, a9’, 43, a4’ (or by’, by’, bs’, by’) ete. with the off diagona 
to zero. Thus a given set of matrices form a reducible representation. 


9. Irreducible Representation 
ransformation matrix which will 


he representation is said to be 
ble. The example 


If it is not possible to find a similarity t 


reduce the matrices of ‘representation I, then t 
irreducible. All one-dimensional representations are always irreduci 


of an irreducible representation is illustrated below: 


Fig. 8.14. The C,, axis, vertical plane and horizontal plane in Hy molecule. 


Consider the matrices of transformation for the z-coordinate of a hydrogen 
atom in hydrogen molecules, which result by the symmetry operations of D,,, group. 


The operations of D,,, group are E, C,, Sy, Co, 5,, 5, and 1. It is seen from Fig. 8.14 
that the z-coordinate is unaffected by E, C,, and o, operations. The equations and 
matrices for the transformation of z-coordinate of hydrogen atom by these operations 


are given below: 
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E.z=1z 
E matrix = [1] 
C,, z= 1z 


C,, matrix = [1] 
o,.z=l1z 


o, matrix = [1] 
coordinate z of hydrogen 


All the other operations of this group change the c 
s for the transformation. 


atom into -z and we get the following equations and matrice 
Cy matrix = [-1] 


Cy.z=-lz 

8..2=~-1z S., matrix = [-1] 
Oo, .2=-1z o}, matrix = [-1] 
L.z=-lz i matrix = [-1] 


The matrix representation thus obtained for the z-coordinate of the hydrogen 
atom in the hydrogen molecule is given below: 


E C, By Cy S. oh t 
r Oo © © Fo FY FY FU 


Reducible representations and irreducible representations play a major role 
in the application of group theory to solve problem in chemistry. The first step in any 
application of group theory involves the formation of the reducible representation. 
This representation is then decomposed into the various irreducible representations 
of the point group under consideration. 


8.19 GENERATION OF AN IRREDUCIBLE REPRESENTATION 


We have been discussing representations of a point group but have not yet 
discussed how to find them. For this, we require to know what effect a symmetry 
operation produces on the set of coordinates (x, y, z) of a point, or a function of 
coordinates, which we call basis of representation. . 


(i) Cartesian Coordinates as Bases 


Consider a molecule belonging to Cy, point group and concentrate on the 


effect of the four symmetry operation E, Cy, 6, and i on the coordinates of atom 1 
(Fig. 8.15). 


Let z-axis be the C, axis of symmetry; then the effect on z coordinate of the 
atom 1 can be expressed as, 


E(z) =z, Co(z) =z, 0, =-z, i(z)=-2 | | 
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es of atoms; 


Fig. 8.15. Effect of symmetry operations on the coordinat 
only x and z axes have been shown in the figure. 


d Cy, but is antisymmetric 


llowing representation. 


E Cy sO i Basis 
1 1 -l -1 (z) 


Similarly, the effect on the x and y coordinates of the same atom 1 can be 


seen to be as follows. 
E(x) =x, C,(x) = -x, Op, (x) = Xs 


E(y) =y; Coy) adi o,(y) =, iy} =-¥ 


i(x) =-X 


Accordingly, both x and y generate the same representation, 
E Cy On t Basis 
1 -] 1 -1 (xory) 


(ii) Rotational Coordinate as Bases 
Rotations R,, Ry and R, around these Cartesian axes can also act as bases. 


This basis set can be conveniently understood by using curved arrows, e.g. an arrow 
around x-axis to represent R,, ete. (Fig. 8.15). It requires a little imagination to see 


the effects of E, Cy, o, and zon the curved arrows. If you stand before a plane mirror 


and rotate your finger around the vertical (z) axis, the direction of the rotation of the 
image in the mirror is unchanged, but if you rotate it around the horizontal axis (x), 


the direction of rotation in the mirror is reversed. 
The effects of E, Cy, o, and ion R,, Ry and R, can be seen to be as follows: 


E(R,) = R,, Co(R,) = -R,, o4(R,) = -R,, uR,) = R, 

ER,)=Ry . CRy=-Ry, (Ry) =-Ry, HR) = Ry 

ER,)=R, CAR)=-R, oR) =-R, IR)=R 
Zz 


Scanned with CamScanner 


Te 


www.pdfgrip.com 


670 Modern Physical Chemistry 


The following representations are generated accordingly: 


1 1 a 1 R, 
1 -l = 1  (R,, R,) 


We have thus generated a total four representations for Cy, group which are 
shown in Table 8.11. 


Table 8.11. Representation of Co), point group. . 


The following important features of these representations are to be noted: 


(i) A single coordinate is sufficient to act as a basis for a single representation. 
(ii) Each -representation is irreducible, consisting of numbers +] (or the 1 x 1 
matrices) . 


Gii) | The numbers +1 actually represent the “characters” of transformation of the 
coordinates under the symmetry operations, e.g. 


Co(z)=z and C,(x) =-x 
mean that z is symmetric and x antisymmetric to transformation under the 
operation Cy. 
(iv) A total of only four irreducible representations can be generated for Con 
group. 
(v) There is one representation ([) which is symmetric to transformation under 
all operations (i.e., totally symmetric). 
Irreducible representations of dimensions greater than one are generated for 
groups having principal axis C, with n > 2. The C, axis is taken as the z-axis 
(vertical) and the rotation considered in xy plane. A rotation about C,, axis leaves the 


coordinates. 


8.20 GENERATION OF REPRODUCIBLE REPRESENTATION 


We have seen that irreducible representations are generated for a point 
group by using a single coordinate (as in Cy, group) or a pair of coordinates x and y 


(as in C3,, Cyy, etc.) as the basis. If we use the set of all the coordinates of an atom, 
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we generate a representation consisting of larger matrices which are reducible to 
small irreducible matrices. For example, take the case of Cy, group. using x, Y 7 


collectively as a basis, written a 3 x 1 matrix, we get, 


x x 1 O O|]x 
Ely|=ly}/=|0 1 O}ly 
Zz Z 0 0 liiz 
: x] [-1 0 Olfx 
af] =) -/ -1 Olly 
z zZ 0 0 ljlz 


* -x -1 0 Ojfx 
tly|=|]-y|=|]0 -1 0 
| z -Z 0 0 -1]|z 


A three-dimensional representation I 1 for Co, group is generated 
accordingly. However, in r! all the 3-dimensional matrices are diagonal and each is 


reducible to three 1 x 1 matrices. 


Labelling the Representations 
Instead of using the symbol I, it is customary to use letters A, B, E, F, etc., to 
label the irreducible representation. _ 


The letters A and B are reserved for one-dimensional representations, E for 
ionl, etc. The character of the identity operation (E) is 


2-dimensional, F for 3-dimens 
equal to the dimension of the representation. (The reader should be cautious of the 


use of letter E, E is used for identity and also for two dimensional representation.) 

A totally symmetric representation is given the symbol A,. But if the point 
group contains the operation i, the total symmetry is indicated by Aj,. 

If in the one-dimensional representation x(C,,) = +1, the representation is A 
and if y(C,,) = -1, it is B. 

The subscript 1 or 2 is attached to the labels A and B to denote whether 
X(6,) = +1 or -1 respectively; o, may be any symmetry plane containing C,. 
' To indicate in a representation whether x(o}) = +1 or -1, single prime (') or a 

ouble prime () is used. 


The subscript g or u is used according to whether x(i) = +1 or -1 respectively 
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8.21 CHARACTER TABLES FOR POINT GROUPS 


Reducible representations and irreducible representations play g major 
in obtaining solutions to problems of hybridization, molecular vibratj Ole 
delocalization energies of n-electron systems and so on. In all these applications the om 
first step involves point group determination and formation of the re dolla. ). 
representation. The characters of the matrices in the reducible representation mn 
used to split it into the different irreducible representations of the group. Every poing 
group consists of a certain number of irreducible representations. 


It has been reported that for almost all the applications of group theory we do 
not need the complete matrices, only sum of the diagonal elements. The sum of the 
diagonal elements of a matrix is called its character. The list of characters of all the 
possible irreducible representations of a group is called the character table. Each 
group is represented by a character table which is a “condensate” of its properties. 


Character tables play a vital role in solving problems such as molecular 
vibrations. The character table for a point group can be constructed with the . 
knowledge of properties of irreducible representations. The properties of irreducible 
representations can be obtained from orthogonality theorem. 


As examples, the character tables for Cy,, Co, and C3, point groups are 


shown below. 
Table 8.12. The Character table for Cy,, point group. 


x7, y?, 27 xy 


XZ, YZ 
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Table 8.14. Character tablé for Cy, point group. 


§ 2 
(a2? -x*-y*,x -¥) 


(xy, XZ, yz) 


d into four sections. In the 


It is obvious that each character table is divide 


upper left column is the Schoenflies symbol for the group. The first column shows the - 
ations). Mulliken symbols are 


types of representation (names of irreducible represent 
used for irreducible representations. The main part (second section) contains the 
character for each of the symmetry operations in columns headed by operations. The 
top row forms the classes of symmetry. Each class of the symmetry operator is 
preceded by a number showing the number of operations in that class. The column 
before the last column displays six symbols: x, y, Z, R,, R,, R,. The first three 
represent the x, y an z-coordinates. R,, Ry and R, represent the three rotations about 
the specified axes. The last column shows the squares and binary products of 
coordinates according to their transformation properties. 


The most symmetric species are placed near the top and the least symmetric 
species are placed at the bottom of the table. The irreducible representations are of 
great importance in classifying molecular vibrations, orbitals, quantum states and all 
other properties of molecules and crystals which are related with the symmetry of the 
structures. Therefore, the character table are very useful in the solution of many 


physical problems. 


8.22 GREAT ORTHOGONALITY THEOREM 


dewasue es is the most important theorem of group theory. It deals with the matrix 
‘ey constitutes the irreducible representative. As the name indicates, the 
rea shows the orghogonal relationships that exist between the matrix elements 
aris ent representations of a group. The theorem is valid for non-equi 
reducible representations of any group. n-equivalent 
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Mathematically it may be expressed as 


h 
~ lr (mn iF (R) nn’ = NL oF 5inm’ San’ (8.28) 
where [; = ith irreps. of point group of order h having dimension L.. 
= jth irreps. of point group of order h having dimension L. 


\(R)mn is the mnth matrix element corresponding to symmetry 
element R belonging to ith irrep. 


T(R)nn7 Complex conjugate of the m’n’'th_ matrix element 


j 
corresponding to symmetry element R belonging to jth 
irreps. 


55; Simm’ Snn’ denote the Kronecker delta symbols. 


The following three cases arise assuming that matrix elements are real 


~ TQ) mn Tj(R)mn = 0 ifi#j 
ZL Ti(R) nn Ti(R) min’ = 0 ifm # m’ and/or n¥n’ 
nN 
h a 
p> Ts(R) an F(R) mn = I ifm =m’ and n =n’ 
R i 


Thus, if the vectors differ by being chosen from matrices of different 


representation, they are orthogonal. If they are chosen from the same representation 
but from different sets of elements in the matrices of this representation, they are 


orthogonal. Finally the square of the length of any vector equals n 


Following rules can be derived from orthogonality theorem regarding 


irreducible representations and their characters. 


be 


=< 


The sum of the squares of the dimensions of the irreducible representations 
of a group is equal to the order of the group. 


Mat? +141? +..oh (8.29) 


Since ;(E), the character of the representation of E in the ith irreducible 


representations, is equal to the order of the representation, we can also write 
this rule 


* [x(E)*] =h (8.30) 


The sum of the squares of the characters in any irreducible representation 
equals, h, that is, 


~ [4,(R)"] = h | | (8.31) 
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3. The characters of symmetry operations in two different irreducible 
representations satisfy the relation 


X x(R) x(R)=0 TH (8.32) 
Equations (8.31) and (8.32) can be combined into one equation 
~ xi(R) xj(R) = hd; (8.33) 
4. In a given representation, the character of all matrices belonging to 


operations in the same class are identical. 


5. The number of irreducible representations of a group is equal to the number 


of classes of a group. 


If we denote the number of elements in the m'" class by gm, the number in 


the nth class by g,, and so on, and if there are K classes, equation (8.33) can be 


written as 
K 
a. Xi(Rp) xj(Rp)By = dj; (8.34) 


R, refers any one of the operation in the pth class. 


8.23 CONSTRUCTION OF CHARACTER TALES FOR POINT GROUPS 


Let us now consider the irreducible representations of Cy, point group to see 
how these rules apply. The group Coy consists of four elements, and each is in a 
5) there are four irreducible representations for this 
group. But it is also required (rule 1) that sum of the squares of the dimensions of 
these representations equal h. Thus we are looking for a set of four positive integers, 
1, and 1, which satisfy the relation 


separate class. Hence (rule 


1,, Lo, 
12+ ly? tly” y= 4 
Clearly the only solution is 
lL, =lg=lg=lg=1 
Thus the group Cy, has four one-dimensional irreducible representations. 


We can actually work out the characters of these four irreducible 
representations which are in this case the representations themselves because the 
dimensions are 1 — on the basis of vector properties of the representations and the 
rules derived above. The suitable vector in 4 — space which has a component of 1 
corresponding to E will be 


Scanned with CamScanner 


www.pdfgrip.com 


ah. 
A'Ne 
thc ec ca ae Nala TIE TT A ey 


676 Modern Physical Chemistry 
for Ly, (R)? = 12 +12 + 1? + 17 =4 
R 
this satisfying rule 2. Now all other representations will have to be such that 


X [xR]? = 4 
R 


= +1. Moreover, in order for each of the other 


which can only be true if each x;(R) = 
representations to be orthogonal to I (rule 3), there will have to be two +1’s and two 


-1’s. Thus 
C1) + (DED + MQ) + (A) = 0 


Thus we will have 


All of these are also orthogonal to one another. For example, taking I'y and 
T',, we have 
(1)(1) + (-1)(1) + (D1) + MC) = 0 


and so on. These are then the four irreducible representations of the group Cyy. 


8.24 DECOMPOSITION OF REDUCIBLE REPRESENTATIONS 


During the applications of group theory to chemical problems, we have to 
deal with characters of reducible representations. The task is to find irreducible 
representations whose sum is equal to the reducible representation. Following . 
equation is used to decompose reducible representation to irreducible representation. 


a= [Za ait C8] | (8.35) 


where a; = The number of times the irreducible representations occuring in the 
reducible representation, I,.4. 


h = order of the point group. 
R = An operator of the group. 
R 

x 


= Character of operation R in the reducible representation I. nail 
Xi; = Character of the operation R in the irreducible representation, I;. 


c® = The number of symmetry operation in the class in which R belong. 
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To find the values of a; requires the knowledge of xi" and these values are 
tabulated in character table. 
| Let us consider the example of H,O molecule which belongs to Coy point 
group. For two H-atoms in water, the matrix representation of the symmetry 
elements are written as; 


E Cy re qe 


oy |i ° 01 1 0] fo 1 
01 1 0/ |0 1 1 0 
x 2 0 2 0 


Character Table for C,,, point group. 


a(Ay)=G2x1x1+0x1x1+2x1x1+0x 1x 1=1 

a(Ag) =4 [2x 1x 1+ 0x 1x 142% C1) x1+0%(-1) x I= 1 
a(By) =4 [2 1x1 40x (Ix 1+2x1x1+0xC)x1=1 
a(By) =4 [2x 1x 140x(-1)x1+2xC1)x1+0x1x1)21 


Voy = I(A,) + r(B,) 
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QUESTIONS 


i. What do you understand the term molecular symmetry? Discuss itg 


significance in chemical sciences. 

Explain the difference between symmetry elements and symmetry 
operation with suitable examples. 

The symmetry of an isolated molecule is known as point group 


2. (a) 


(b) 


symmetry, comment. 

Discuss the significance of identity as symmetry element. 

n? Assign the proper rotational axis 
benzene; pyridine; SF, and SF¢. 


a. (a) 


(b) What do you mean by proper rotatio 
in the following molecules: OCS; PH3; 


What is principal axis of rotation? Explain it with suitable examples, 


What is meant by plane of symmetry or mirror plane? Discuss its 
different forms present with molecular symmetry. ; 


(c) 
4. (a) 


(b) Assign different types of mirror plane to ‘the following molecules. 
Ethylene, Bro; Cyclohexane; BF 3; NH3, SF 
5. What is improper rotation? Explain it with suitable examples. 
Define center of symmetry. Explain its significance with suitable examples. 
Define a symmetry point group. Explain how a molecule is assigned to a 
point group? 
(b) What are the rules of group theory? Explain these with suitable 
examples. 
8. (a) Identify various types of symmetry elements in the following point 
groups. (i) Co, (ii) Dog (ii) Cy, (iv) C,, 
(b) An AX¢ molecule belongs to Oj, point group. Find the point groups that 
will result if the molecule is changed into (i) AX;Y (ii) Trans-AX,Y5 (iii) 
Cis-AX4Yo. 
(c) Find the point groups that result if a center of inversion is added to the 
symmetry of molecule belonging to (i) Cy, (ii) Cy and (iii) Dg. 


i (a) 


9. (a) Compare the elements of symmetry of tetrahedral and octahedral point 
groups. 


(b) Construct a decision tree diagram to assign a particular point group to a 
molecule. 


* (c) What important symmetry element is absent in PCl; molecule that 18 
present in Dy, point group? i 


10. (a) Explain the difference between a point group and space group. 


(b) What are Abelian and non-Abelian groups. 


2 
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13. 


14. 


Ei. 


(i) 


(a) Explain the symmetry criteria that allow a molecule to show permanent 
dipole moment. 


(b) Explain why the following molecules possess zero dipole moment (i) CO, 
(ii) Cly (iii) CH, (iv) Ethane (Staggered form). 

(a) Explain the symmetry criteria that allow a molecule to show optical 
activity or chirality. 

(b) Why is the optical activity not shown by the following molecules. (i) 
Allene (ii) NHg (iii) CH, (iv) SF, 


For each molecule at the left, select the correct point group from the list at 
right. Some point groups may be represented by more than one molecules. 


HS Coy 
Cle Cay 
NO fh. 
p-dichlorobenzene Dor, 
SF;Br Ds, 
Cyclopropane (ignore Hs) Dsq 
C,H, (trans) Dich 
CoH,(cis) 

BF; 


(a) List the symmetry elements and derive the point group for each of the 
following molecules: CCl,, CHCl3; CHyCly, CH3Cl, CpH;Cl 


(b) Show the various elements of symmetry in square pyramidal geometry. 
Symmetry operations, E, C, and 20, are present in H,S. Write the 
multiplication table for this molecule. 


Assign the following geometrices to proper point group. 


09—@A HOMO WO 
Find the symmetry elements and assign the proper symmetry point groups to 
the following molecules. 
F F H 
» = of (ii) 
F F 
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18. 


19. 


20. 


21. 


(iii) 


(v) 


(b 


— 


(a) 
(b) 


(c) 
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SN 
N 
(vi) HC=C—NO 
N 
Ore (viii) & 


ClzP =O (x) Tennis ball 
1,3,5-trichlorobenzene (xii) | Benzophenone 
SF;Cl (xiv) BFCIBr 
(C;Hs)9Fe (ferroncene) (xvi) Cl,O 

IF; (xviii) BjH¢ 

PCI, (xx) CH3COOH 
[Fe(CN),]* (xxii) Ni(CO), 


Explain the difference between class and order of a group. 


What do you know about similarity transformation. Write down some 
important properties of conjugate elements. 


What are matrices? Discuss their significance in group theory. 
What is the difference between diagonal and unit matrix? 
What is transpose and character of a matrix? 


Find the inverse of matrix A 


“Ey 


Three matrices A, B and C are given below 


fet del 


Select the matrix which is singular and write it. 


What do you understand by matrix representation of symmetry 
operation? Explain it with the example of a unit vector. 


Find the matrix representation of symmetry operation in H,O and boric 
acid. 


Explain symmetry properties of atomic orbitals. 
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(b) 
(c) 
23. (a) 
(b) 
(c) 


24, (a) 


(b) 
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What are reducible and irreducible representations. Explain these with 
suitable examples. 
How would you generate irreducible representations. 
Write irreducible representations of C.), point group. 
Write some important features of irreducible representations. 
What is character table? Discuss its significance in group theory. 
Write character table for the following point groups: 
(i) Co,, (i) Co, Gii) Ty and (iv) Cy,. 


What is great orthogonality theorem? Discuss its significance in group 
theory. 


Explain decomposition of reducible representation. 


25. Justify/comment on the following statements. 


(i) 


Symmetry element and symmetry operations are same thing. 


(ii) Symmetry is a widely distributed property in nature. 


(iii) BF has Cy axis of rotation. 


(iv) Cl,O belongs to Coy point group. 


(v) 


Td and On are special point groups. 


(vi) CHCl, belongs to tetrahedral group. 


(vii) Rose flower has symmetry. 


(viii) Apple belongs to C,.y point group. 


(ix) Square planner geometry has Cy) point group. 
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Chapter 9 


ELECTROCHEMISTRY : 


9.1 INTRODUCTION 


Electrochemistry is a branch of Physical Chemistry 
study of all physical and chemical processes which are broug 
energy and the processes which proceed with the generation of electrical energy. It 
concerns itself with the interrelation of electrical energy (electricity) and chemical 
phenomena +e. the conversion of electrical energy into chemical energy and vice 
versa. Simply one can say that electrochemistry deals with the relationship between 
the electrical energy and chemical changes. 


Much of the Chemistry involves species that have charge. Electrons, cations 
and anions’ all are charged particles that interact chemically. Often electrons move 
from one chemical species to another to form something new. These movements can 
be spontaneous, or they can be forced. They can involve systems as simple as 
hydrogen and oxygen atoms, or as complex as million-peptide protein chain. The 
presence of discrete charges on chemical species introduces a new aspect that we 
must consider, the fact that like charges repel and opposite charges attract. In 
considering how charged particles interact, we have to understand the work involved 
in moving charged particles together and apart, and the energy required to perform 
that work. Energy, work-these are concepts of thermodynamics. Therefore, our 
understanding of chemistry of electrically charged particles, electrochemistry, 1s 


based on thermodynamics. 


Electrochemistry 1 
electrical energy in the surroun 


which deals with the 
ht about by electrical 


s concerned with the appearance and disappearance of 
dings when the chemical reactions occur in a system, 
it is necessary that the system must be electrically conducting. Such a 
communication between the system and surrounding can be achieved by using either 
a metallic or an electrolyte conductor. It is, in fact, the study of latter, which is 
generally assumed to fall under the purview of electrochemistry. For the fact that 
electrolytic solutions need a metallic conductor for developing an electrical contact, 
the electrochemistry, to be more specific involves the study, or processes at the metal- 
electrolyte and electrolyte-electrolyte interfaces. 
plications of electrochemistry in modern life. All 
derstood in terms of electrochemistry. Batteries, 
which produce, electrical energy by means of chemical reactions, are used to power 
toys, flash light, electronic calculators, pacemakers, that maintain the rhythm of 
ma , tape recorders and even some automobiles (hybrid cars). Any oxidation- 
process can be considered in electrochemical terms. In the laboratory 


Few people realize the ap 
batteries and fuel cells can be un 
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electrical measurements enable us to monitor chemical reactions of all sorts, even 
there is systems as tiny as living cells. In industry many important chemicals. 
including liquid bleach (sodium hypochlorite) and lye (sodium hydroxide which jg 
used to manufacture soap) are manufactured by electrochemical reactions. In fact, jf 
its were not for electrochemical reactions, the important structural metals 
(aluminium and magnesium) would be only laboratory curiosities. Corrosion of 
metals, non-metals and ceramics is electrochemistry. Besides the practica] 
applications fundamental information about the chemical reactions is available from 
the electrical measurements, for example, free energy changes, equilibrium constantg 
etc. Many of the virtually important biochemical reactions involve the transfer of 
charge, which is electrochemistry. 


Electromechanical processes non-a-days have found wide applicability. The 
electrolytic and electrosynthetic methods are frequently employed for the preparation 
of chemical products. Electrochemical methods of analysis, e.g., electrolysis, 
conductometry, potetniometry, polarography, voltametry etc., have been greatly 


developed in the recent years. 


9.2 CONDUCTORS AND INSULATORS 

We know that electrical energy or electricity is a stream of electrons. The 
substances which allow the passage of electricity or electric current through them are 
called conductors. It may, however, be pointed out that not all the conductors conduct 
electricity to the same current. Depending upon the ease with which they allow the 
passage of electricity they are named as good conductors or bad conductors. Although 
it is not possible to sharply distinguish between the good or bad conductors, but a 
rough division is possible on the basis of relative ease with which the conductors 
allow the passage of electric current. The substances which do not conduct electric 
current are called insulators or non-conductors, e.g. wood, rubber etc. 


Conductors, in general, can be classified into three categories, viz. gaseous 


metallic and electrolytic. _ 
(i) The gases conduct electric current under high potential differences at low 
pressure, or when exposed to certain radiation. 


(ii) In the metallic or electronic conductors, the charge carriers are the electrons, 
the atomic nuclei remaining stationary, and the passage of electric current 1s 
not accompanied by any movement of matter. Such a mode of conduction of 
electric current is called metallic or electronic conduction. It is exhibited by 
pure metals, alloys, carbon and certain solid salts and oxides. Metallic 
conductors are the best conductors of electric current. This mode of 
conduction decreases with rise in temperature. 


(iii) The electrolytic conductors (also known as ionic conductors) transport electric 
current through the movement of charged particles of atomic or molecular 
dimensions called ions. Since ions are heavy, the electrolytic conductor are 
less conducting as compared to metallic conductors. The ionic conduction 
increases with rise in temperature. Solutions of salts, acids and bases 1n 
water or some other solvents are examples of ionic conductors. 
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' ai, — ee of conductors is a relative one. Certain solids like B- 
went rene ubit mixed conductivity. A transition from electrolytic to 
mixed conductivity is also observed in some salts, e.g. CuCl, when they are heated. 
A piinllar'y eran mixed conductivity is observed in solutions of the alkali and 
a pena emenneneren liquid ammonia at higher salt concentrations. Conduction of 
a through metallic and ionic conductors may be briefly distinguished as given 
elow. 


Metallic Conduction lonic Conduction 


(i) Itis by virtue of flow of electrons 


: i) Itis by virtue of the movement of 
in the conductor. Hae by 


ions in the solution or a fused 
electrolytes. 


(ii) It involves no change in the 
chemical properties of the 
conductor. 


(ii) It involves chemical reactions 
which take place at electrodes 
e.g. oxidation-reduction. 


(iii) It involves the transfer of matter 


(iii) It does not involve the transfer of 
| in the form of ions. 


matter. 


(iv) It increases with rise 1n 
temperature due to increase in 
the mobility of ions and increase 
in the degree of ionization of 
electrolytes. 


(iv) It decreases with rise in 
_ temperature offered to the 
moving electrons by the 
oscillating atoms or ions 
composing the conductors. 


9.3 OHM’S LAW AND ELECTRICAL UNITS 


An electrolytic solution contains free ions in addition to other kinetically 
identifiable species. When an electrical potential is applied across the solution, the 
macroscopic observations arc; the flow of the current through the solution and the 
chemical changes generally resulting in the liberation or dissolation of the electrode 
material at the points where the current enters or leaves the solution. This 
phenomenon of decomposition of solution by electric current is termed electrolysis. 
The relationship between the applied potential and the current flowing is given by 


Ohm’s law. 


According to Ohm’s law the strength of an electric current (I) flowing through 
a conductor is directly proportional to the potential difference applied (V) across the 
conductor and inversely proportional to the resistance (R) offered by the conductor to 


the current, i.e., 


[= (9.1) 


Al< 


By making appropriate choice of units, the constant of proportionality is 


made unity. According to International System, the units of current, resistance and 
potential are ampere, ohm and volt respectively. 


The international ampere is defined as the invariable current of such 
strength that on passing through an aqueous silver nitrate solution will deposit 
0.001118 g of silver in one second. 
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___ The international ohm is defined as the resistance at -0°C of a column of 
uniform cross section, 106.3 cm long and containing 14.4521 of g mercury. 7 


The international volt is defined as the potential difference required to send a 
current of one ampere through a resistance of one ohm. 


. The quantity of electricity is measured in international coulomb. It is the 
quantity of electricity passing through a conductor when a current of one ampere 
flows in one second. Hence the quantity of electricity is given by the relation. 


Q=Ixt (9.2) 


Another unit to measure the quantity of electricity is the Faraday (F). It is 
equal to 96,500 coulombs. The main significance of F is that it is the amount of 
charge that produces one equivalent of chemical change. 


The electrical work (W) performed when a current of strength I passes for t 
second through a resistance across which the potential difference is V, is given by 


W = VIt = VQ (9.3) 
where W is expressed in joules. The Joule is the electrical unit of energy and is 


defined as the amount of work performed by a current of one ampere flowing for one 
second under a potential difference of one volt. 


1J = 1x 10! ergs = 0.2390 cal 


Finally, the rate at which work is being done by an electric current is 
expressed in watt. A watt is worked performed at the rate of 1 Joule per second, and 


is a unit of electrical power. 


9.4 ELECTROLYTIC CONDUCTANCE 


Electrolytes or ionic conductors are good conductors of electricity. The 
electrical conductance of an electrolyte is due to the ions it contains. The greater the 
concentration of the ions, the higher will be the conductance. The interesting feature 
of electrolytic solutions is not that they resist the flow of electricity, but that they 
allow it to flow. Consequently, the important value in electrochemistry is conducting 
power. The conductance (L) of a system is reciprocal of its resistance (R). Thus 


conductance is defined as 


1 
L=F (9.4) 
The SI unit of conductance is Siemen (symbol S). Since resistance (R) is 
measured in ohms (symbol , omega), its reciprocal, the conductance is defined with 
the units of reciprocal ohm, ohm! or mho and denoted as 2”! (omega inverse). 
Following the SI system of units, we shall use S to define the conductance. F 


To compare the conductivity of different solutions, the size of the electrodes 
and the distance between the electrodes must be standardized. It has been found that 


the resistance offered by a solution is directly proportional to the distance between 


the electrode and inversely proportional to the area of the cross section of solution 


between the electrodes 
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s the difference between the electrodes, A is the area of cross section and 


where li aim 
GC resistance or resistivity. 


p(rho) is the constant of proportionality known as the specifi 
If in the above equation | = 1m, A = 1m”, then R = p. Hence the specific resistance 18 
the resistance of a conductor of unit length and of a unit area of cross section. 
other words, specific resistance is the resistance of a meter cube of the material. The 
SI units of the specific resistance is ohm.m or Q.m. 


The specific conductance or conductivity of any conductor is defined as the 


reciprocal of the specific resistance. It is represented by Ls. 


1 
; — 
Since Ls r 
Equation (9.5) becomes 
A 
12 Lt 
op RA 
1 il 1 
Hence Llane x ( L=) 
Ls=L- A (9.6) 
Now if / = 1m, and A= 1m?, then 
(9.7) 


Ls = L 
Hence the specific conductance is the conductance of a material of unit length 
and unit area of cross section. : 


Alternatively, specific conductance is the conductance of a one meter cube of 
the material. For electrolytic solutions, it is the conductance of a meter cube of the 


solution, Since the specific resistance is measured in ohm x m, the units of the 
specific conductance will be ohm. m~! or mho mor Smt. 


Conductance (L) and specific conductance (Ls) are additive properties. If a 
number of electrolytes are present together in a dilute solution, the total conductivity 
is equal to the sum of Ls values of individual electrolytes. 


= -+ 
Ls ele Lsy,0 


Likewise L= IL; + Ly,0 
i 
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where © Ls; denotes the sum of the conductivities of all the electrolytes present in the ve 


1 
solution and Ls, 20 is the conductivity of water. By repeated distillation of water with 


small amounts of KMnO, added to it (to oxidize organic impurities) specific 
conductance of water (Lsy,0) can be reduced to minimum. Water prepared in thig 


manner is called conductivity water (LsH,0 = 1 x 10° S m~'). Conductivity water jg 
used for preparing solutions of electrolytes for conductivity measurements, 


9.5 EQUIVALENT AND MOLAR CONDUCTANCE 


At any fixed temperature, the conductivity of a solution depends partly on the 
number of charges per unit volume, which for different solutions may contain 
different amounts of electrolytic charges. Sirice the point of interest is to compare the 
current carrying ability of a given number of electrolytic charges at different 
concentrations, it is not much rewarding to consider the conductivity/specific 
conductance as a fundamental quantity. In order to compare the conductance of an 
electrolyte with another electrolyte, the fundamental weight of an electrolyte must be 
dissolved in the same volume of the solution. This weight is either the equivalent 
weight or the molecular weight. 

The equivalent conductance of an electrolyte is defined as the conductance of 
a volume of the solution containing one gram equivalent of dissolved substance when 
placed between two parallel electrodes 1m apart, and large enough to contain 
between them all of the solution. It is represented by A (lambda) and never 
determined directly, but is calculated from the specific conductance. It represents the 
conductivity power of all the ions produced by dissolving one gram equivalent of the 
electrolyte at a given dilution and temperature. 


A =LsxV (9.8) 


If C represents the concentration of a solution in gram equivalent per litre, 
-3 
then the volume containing one equivalent of the electrolyte is oe m°, If Ls 


represents the specific conductance S m/, then the equivalent conductance is given 


as 


Ls: 107° 
er (9.9) 


The units of equivalent conductance are S m? eq /, but in common use the 


last term is generally dropped out. The SI unit is S m?. 


Another quantity which is quite often used is the molar conductance (\\). it is 
defined as the conductance due to ions produced by one mole of the electrolyte at a 
given dilution and temperature. It may be defined as the conductance of a volume of 
a solution containing one mole of the electrolyte when placed between two parallel 
electrodes Im apart and large enough to contain between them the whole of the 
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the 


on. It is equal to the product of specific conductance (Ls) and volume of 
on containing one mole of the electrolyte. 
u=LsxV 


If C represents the concentration in mole per litre, then 


goluti 
goluti 


= Ls mn 10° 2 
p=—G@ —Sm mol! (9.10) 


A is related to the through the relation 


es per mole of salt 


A. ees H 
Total no. of equvialents of cationic (or anionic)charg 
(9.11) 


oo ARG (9.12) 
negative charge carried by 


= total positive charge carried by cations or total 


where Z 
anions furnished by a molecule of an electrolyte on dissociation. For example, 
NaCl —> Na’ + Cl (Z=1) 
CaCl, —> Ca”* + ecr' @=%) 
(Z = 6) 


Al,(SO4)3 — 2Al>* + 3807, 


NT OF CONDUCTANCE 


of an electrolyte can be 
lution contained within the two electrodes 


e, one can determine the conductance 


9.6 MEASUREME 


The conductance of a solution 
measuring the resistance offered by the so 


of a conductivity cell. By knowing the resistanc 
just by reciprocating the resistance. The measurement of the resistance is most 


frequently carried out with some form of Wheatstone bridge circuit, the principle of 
which may be explained with the aid of Fig.9.1. Four resistance Rj, Rg, R, and Ry are 
connected in such a way 8° as to form 

D and a galvanometer ‘G’ is connected between A and 


connected between point B and 
C. This circuit is known as Wheatstone bridge circuit, The bridge is said to be 


balanced if no current from battery E flows through the galvanometer G. When no 
current flows through the galvanometer, it means that the potential difference from 
the one terminal of the galvanometer to the other terminal of the galvanometer is the 
same. This is known as balancing condition of the bridge. Galvanometer is a device 


which detects small amount of electric current. 
The solution whose conductance is to be found out in terms of resistance is 

placed in a special type of cell, called conductivity cell. It is placed in one arm of the 
bridge and a variable standard resistance (Rs), e.g. a resistance box in the other arm 
AC is a uniform slide wire across which moves a contact point D. The resistance Rs i 
such adjusted that when the contact point D is moved along AC, the ee etenr 

ll point is obtained. One can also use some other eo 


determined by 
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Fig. 9.1 Wheatsonte bridge circuit for resistance measurement 


aba eet 


detecting devices like earphone, which gives minimum sound at the null point Wh | : 
this state of balanced is achieved, the two terminals of the detector are » eel 


i 


otential. The ial di Jomnaet a 
as ia é potential difference across the different parts of the bride must be such i 
| x 
Ex = Es (0.13) 
and =E,=E, (9.14) 
According to Ohm's law ,the diff i | 
dijaral thaedidtante Wh erence of potential E, is equal to the current : 
Ex =Ry x ly Eg = R,I, : 
E,=Rjl, and Ey =R,l, 
According to Equ. (9.13) and (9.14) 
Rx «1x = Ral, 1) 
Ral, = Ryl, (9.16) a 
Diviai a 
viding Eq. (9.15) by Eq. (9.16), we get ee 
Rylxy os R.I, a 
Ral, Ry, (9.17) 


, ive 


| | Further I, = I, and I, = I,, since the 
in series must be same in each resistance 


current flowing through two resistan Me 


me! 
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tor, 
Under the balanced conditions, when no current flows through the detec 
then £4: (9.17) reduces to 


Rx _R, 
R, Ry 
R 
Ry (unknown) = R, xR, (9.18) 


ire AD and 
The resistance R, and R, are proportional to the length of the w! 


CD respectively. Thus, we have 
_Length AD | 10.18) 
Ry = Length CDs amean 
: ution 
Since R,, length AD and CD are known, the resistance Ry of the so 


i nductance 
be calculated, from which one can determine the conductance, Pee a by the 
d equivalent/molar conductance. As the conductance sawed duck, 
temperature, the conductivity cell is always placed in the 
maintained at constant temperature. (Fig. 9.2) 


Fig. 9.2 A.C. Wheatstone bridge for conductance measurement 


e Wheatstone bridge as oe above gr the 
odifications in technique are necessary before resistance of an 

si tee ete can be measured by this method. Direct nace ra be Ee 

as this wemailil cease electrolysis and concentration changes at the elec - es. g 

if liberated increases the resistance at the electrodes. These gases also - - a 

counter emf of polarization which opposes the passage of the current. To avoid t ese, 

an alternatively current is employed, usually a frequency of 500 — 2000 Hz is 


Although the principle of th 
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supplied by either a vibrating tuning fork or a vacuum-tube oscillator. In AC current, 
the direction of the current is reversed about a thousand times per second with the 


result that the polarization produced by each pulse of the current is neutralized by 


the next pulse. 


The conductivity cells are constructed of glass with electrodes of either 
s in the current and other effects, so as to 


platinum or gold. To overcome imperfection 

decrease the effects of polarization of electrodes, the electrodes are coated with a 
layer of finely divided platinum black. This is done by electrolysis of 3% solution of 
chloroplatinic acid containing traces of lead acetate. If the finely divided platinum 
serves either as a catalyst for decomposition or oxidation of the solution or as an 
adsorbents for adsorption of ions, the grey platinum surface electrodes may be 
employed instead. The latter can be obtained by heating the platinized electrode to 


red heat. 


9.7 CELL CONSTANT 
The specific conductance of an electrolytic conductor is defined as 


11 
Le RA 
Lab (9.6) 


where | may be taken as the distance between the electrodes in conductivity cell and 
A is the area of cross section of each electrode. Before L, can be calculated from the 
measured resistance, the ratio (J/A) for a particular cell used, is required. For any 


l, the ratio has a fixed-value, called the cell constant K, which can be 


given cel 
s of | and A. It can also be obtained by 


obtained without knowing the actual value 
direct measurements, but this is rarely done, since it is possible to evaluate it by 


means of a solution of known specific conductance. Potassium chloride is the accepted 
standard for which accurately determined values of L, at different concentrations 
and temperatures in aqueous solution are available. A given solution of KCl of 


specific conductance is placed in the cell and its resistance is measured. The cell 
constant is equal to 


K=L,xR 


_ Specific conductance 
K= Observed conductance (9.20) 


Hence, cell constant is a factor which when multiplied by the observed 
conductance of a solution, gives its specific conductance. KCl is available in pure 


state. It is 1 : 1 electrolyte and ionic mobilities of K* and CI ions are comparable. 
The ionic radii of both ions are equal. Its values of specific conductance are available 
in the literature at different concentrations and temperatures. The dimensions of cell 


constants are 
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Table 9.1 shows the specific cond 
ori A temertileangeeatene, nductance of 0.01, 0.1 and 1.0 N solutions of 


Table 9.1 Specific Conductance of KCI solutions 


Concentration LS(S m”!) 


eqiv. dm ® | 273K | 291K | 298K _ 


11.1900 
1.2890 
0.1413 


Example 9.1 
A conductivity cell was filled with 0.01 M KCl which was known to have a 


specific conductivity of 0.1413 S m7! at 298 K. Its measured resistance at 298 K was 
94.3 ohms. When the cell was filled with 0.02 M AgNO,, its resistance was 50.3 ohms 


Calculate (i) the cell constant, (ii) the specific conductance of AgNO solution. 


Solution 
Here Ls = 0.14135 m 
R = 94.3 ohms 
(i) Using the relation 
L.-#-(a) 
(x) = cell constant = L, x R 


= (0.1413) (94.3) 
= 13.32 m7” 
(ji) Now R=50.3 ohms" 


L_ -1 

es 13.32 m 
Ld 

L, =R x) 
13.32 
50.3 


-2648x10'Sm! . 
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Example 9.2 

The resistance of a conductivity cell was 720 ohms when filled with 0.1 N Ke 
solution (specific conductance = 0.14807 S m7!) and 6920 ohms when filled with 0.0 
N acetic acid solution. Calculate cell constant and equivalent conductance of the acid - 
solution. 
Solution 


The cell constant is given as 


(At 


= (0.14807) (702) 


= 103.94 m™ 
__ The specific conductance of acetic acid is given by 
L..£ @ 
L, = R . (x) 
_ 103.94 
~ 6920 


=1.50x 1072S m™! 
Now C =0.01N=0.01 mol dm~ 


Therefore, 
A= x 10° 
=D : 
1.50 x 10 i 


=1.5x10°S m eqiv! 


9.8 VARIATION OF CONDUCTANCE WITH CONCENTRATION 


We know that the specific conductance of a solution increases with increasing 
concentration. For strong electrolytes, the increase in specific conductance with 
increase of concentration is sharp. However, for weak electrolytes, the increase in 
specific conductance is more gradual. In both cases, the increase in conductance with 
concentration is due to an increase in the number of ions per unit volume of the 
solution. For strong electrolytes, which are completely ionized, the increase in 
specific conductance is almost proportional to the concentration. In weak electrolytes, 
however, the increase in specific conductance is not large due to low ionization of the 


electrolytes, and consequently the specific conductance does not go up so rapidly asin 


the case of strong electrolytes. 


“able 9.2 shows the variation of equivalent conductance of a number of a 
electrolytes at various concentration at 298 K. It is observed that in contrast to the | 
t He 
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ific conductance, th i 
, the equivalent conductance A invariably increases with 


gpec 
g concentration for both weak and strong electrolytes. 


decreasin 
9.2 Equival 
Table q ent Conductarice of Electrolytes in Aqueous Solutions at 


4 
298 K (10° x S m? equiv. ') 


Equivalent 
Per liter 


1.0 
0.1 
0.05 
0.01 
0.005 
0.001 
0.0005 


The above results are 
depicted in Fig.9.3 in which the 
equivalent conductance, A, of 
electrolytes at a constant 
s plotted against 
JC. It may be seen from the 
figure that two different types of 
behaviours are exhibited. The 
electrolytes which show a linear 
plot (almost straight lines) are 
classed as strong ‘electrolytes. 
e.g. salts like NaCl, KC] or acids 
such a H,SO,, HCI ete. The 
electrolytes which seem to 
approach the dilute solution 
limits almost tangentially are 
classed as weak electrolytes, €.8- 
ammonia, acetic acid etc. It is 
however, impossible to draw a Fig.9.3 Equivalent conductance of strong and 
sharp line of demarcation weak electrolytes 
between the two categories as 
many substance are known to exhibit intermediate behavior, e.g., NiSO,. Such 
electrolytes are sometimes called moderately strong electrolytes. 

. on depends on the number of ions and the speed 
with which the ions move in solution. In case of strong electrolytes, the number of 
ions is the same at all dilutions (since strong electrolytes are completely ionized) and 
the variation of equivalent conductance with dilution is therefore due to the change 
in the speed of the ions with dilution. In a concentrat solution of such dleutodleis 
mong the oppositely « arged ions would be auiite 


Equivalent Conductance al 25°C 


The conductance of a soluti 


Scanned with CamScanner 


www.pdfgrip.com 


696 Modern Physical Chemistry 


appreciable. The ions may also form some ion-pairs of the type AB which would Not 

contribute to the conductance. These interionic forces considerably lower the speed of 

ions and hence the conductivity of the solution. As the dilution is increased the 

interionic attractions decrease with the result that the ions will move more freely ang 

eee of their co-ions and thus increasing the equivalent conductance with 
ilution. 


In case of weak electrolytes, the increase in equivalent conductance with 
dilution is mainly due to (a) an increase in the number of ions in the solution (degree 
of ionization increases with dilution), and (b) smaller inter-ionic attractions at higher 
dilutions. 

For weak electrolytes, the increase in the number of ions has been explained 
on the basis of Arrhenius theory of electrolytic dissociation whereas the strong 
electrolytes has been explained on the basis of Debye-Huckel-Onsager theory. In 
brief, the increase in the number of ions in case of weak electrolytes is due to the 
increase in the degree of ionization of the electrolyte on dilution, whereas in the case 
of strong electrolytes, this increase is due to the weakening of the ion-ion interactions 


on dilution. 


9.9 EFFECT OF TEMPERATURE ON THE CONDUCTANCE 


The conductance of all electrolytes increases with temperature. The variation 
of equivalent conductance at infinite dilution (Ag) with temperature can be 


represented by the equation 


Ag = Aog° [1 + B(t - 25)] (9.21) 


where A po is the limiting equivalent conductance at t°C, A 95¢ that at 25°C, andBa 


constant for each electrolyte. The increase in the equivalent conductance may be 
explained in terms of increase in the effective degree of dissociation at higher 
temperature or can be rationalized in terms of lowering of restricting potential for 
migration with rise in temperature (or change in the mobility of the ions). Equivalent 
conductance at infinite dilution at ordinary temperatures increases by about 2% per 


degree. 

For salts B is ab 
infinite dilution at ordinary temperatures increases by about 1.9 to 2.2% 
Acids and bases have smaller temperature coefficients (® values) they ar 
approximately 0.018 respectively. It is an evident that an equation similar to (9.21) 


must hold for individual ion conductances and for nearly all ions, except H* and OH . 
it 


out 0.019 to 0.021, so that the equivalent conductance at 
per degree. 
e 


For H* the value of f is 0.0142 and for OH it is 0.016. As a rough generalization, 
may be said thatthe higher the ionic conductance, the smaller the temperature 
coefficient. 


e dilution, but similar 
e concentration. Wea 
f such soluticns 18 . 
h rise in 


The above results apply particularly to infinit 
conclusions hold for strong electrolytes at appreciabl 
clectroalvtes however, show some abnormalities; the conductance 0 ( 
mainly uependent on the degree of ionization. This usually decreases wit 
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t . . | 


af ow oo of a solution varies slightly with pressure, the effect bein 

mainly due , change in the viscosity of the medium, and conse ‘. 
alternation in the speed, and hence the conductance, of ions. The viscosity of sail 4 
solution is generally decreased by an increases of pressure; this is accompanied b 
increase of the equivalent conductance, provided the pressure is not i high This 
effect 1s more marked with a weak than with a strong electrolyte; tee - 
pressure favours the ionization in case of weak electrolyte a 


9.10 EFFECT OF DIELECTRIC CON 
CONDUCTANCE STANT OF THE SOLVENT ON 


The conductance behaviour observed in non-aqueous solvents depends much 
on the dielectric constant of the medium. The dielectric constant of water is high, 
78.6 at 25°C, whereas that of most other solvents is considerably lower. The dielectric 
constants at 25°C for methanol, ethanol and dioxane arc, 31.5, 24.3 and 2.2 
respectively. As the dielectric constant of the solvent is lowered, the conductance of 
the electrolyte in the medium also decreases. Beyond this conductance drop, the 
conductance behaviour of these substances is not very different in nonaqueous 
solvents from.that in water, provided the dielectric constant is above 25. 


For examples, the halides and nitrates of alkaline metals, the thiocyanates of 
alkali and alkaline earth metals, and the tetraalkyl ammonium salts are strong 
electrolytes in methyl and ethyl alcohols and behave pretty much as do strong 
electrolytes in water. In solvents of dielectric constant less than 25, the dependence 
of equivalent on concentration becomes complex. In these solvents ions exhibit a 
tendency to associate into complexes such a At B, A‘BA’ and A-A’B which 
f ions available to carry current, and hence the conductance. 


decreases the number 0 

N CONDUCTANCE 

movement of an ion is not influenced by other 

so the movement may be considered to be 

rical particle in a medium of viscosity n. That 
i t of an ion. It follows that 

’s law may be applied to the movemen 

eS om he ion and the viscosity of the medium should be 


of t 
the product of the pres e of an ion at infinite dilution depends only on 


‘valent conductanc inite 
seeped a > the product of ion conductance and viscosity should be independent 
of the ante of the solvent. This relationship known as Walden s rule was put 
forward by P. Walden (1906) in the form 

(9.22) 


Aolo= constant 


9.11 EFFECT OF VISCOSITY O 


It has been observed that the 
ions in an infinitely dilute solution, 
identical with the movement of a sphe 


iscosity of the solvent in which the equivalent 


te, when Ng iS the v. é : ; 
vn so ee ‘te dilution is Ao- The Walden’s rule may be stated in words as: 
conductance at ee g equivalent conductance of a given solute and viscosity of the 


“The product of limitin 
pure solvent is constant. 


‘6 
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es i 3s 


The constant in Kq. (9.22) is independent of temperature and nature Re 
solvents and the value of (C,H), NI in more than 30 solvents at 0°C is 0,79, ; is ee 


AN o%o = 9.70 


The above rule of Walden does not apply to water and glycol as solvent 
water An, = 1 and the value of constant was observed to vary with the sean ie 
solute. A particular ion does not have the same effective radius in different min 
At is probable that the ions are solvated in the solution. Since the extent of Ne hei 
as well as the size of solvating molecules, varies with the nature of the athens. re 
effective radius will not be constant. The ions have different effective aoe 
different solvents due to difference in the extent of solvation. As the solvation es > 
are quite prominent for smaller ions (particular small cations), the deviation Hein 
Walden’s rule would be quite severe for smaller cations. Larger cations do i 
undergo solvation to an appreciable extent, and hence the Walden’s product for oa 
lons remains constant even in different types of solvents. a 


9.12 ARRHENIUS THEORY OF ELECTROLYTIC DISSOCIATION 
In order to explain the behavior of solutions of electrolytes, Arrhenius (1887) 
put forward the theory of electrolytic dissociation in aqueous solutions. The main 
points of this theory in this modern form may be summed up as follows: 
(i) The electrolytes in solution are dissociated into electrically charged particles 
called ions. The positively charged particles are called cations and the 


negatively charged particles are known as anions. A dynamic equilibrium 
exists in the solution between the undissociated molecules and the ions which 


~ dissociate from the electrolytes, that is 
MA == M* +A" 
The ions are free to move independently under the influence of an applied 
electric field. Cations move towards the negative electrode or cathode and the 


anions move towards the positive electrodes or anode. 


The number of positively charged cations and negatively charged anions may 


(iil) 
be different. However, the total charge carried by cations is equal to the total 
charge carried by anions. The net result is that the solution as a whole 1s 
electrically neutral in spite of the presence of charged particles. 

(iv) The extent of dissociation is different for different electrolytes and depends | 


on the concentration of electrolyte, temperature and nature of electrolyte. 
ons varies with its 
cal equilibrium that 


The amount of electrolyte which dissociates into 1 
ation and attains 4 


concentration. It may then be anticipated from the law of chemi 
the extent of dissociation increases with the decrease in concentr ae 
limiting value at. very high dilution. At extreme dilutions, all the ae : ail 
completely dissociated into ions. The fraction of the total number of ™ 


dissociated, is called the degree of dissociation (a). Thus 


Number of molecules dissociated 
a= Total numbr of molecules 
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Iculation : : 
o— th i of the degree of dissociation for various electrolytes in aqueous 
solutions Deca pera all salts, and strong acids and bass are highly ionized 
in water. A re known as strong electrolytes. Aqueous solutions of these 
electrolytes are erefore good conductors of electricity. On the other hand, there are 
many substances whose aqueous solutions are poor conductor of electricity. These 
include pea = acids and bases (such as acetic acid, benzoic acid, methyl 
amine, anne ar norganic acids and bases (such as carbonic acid, hydrocyanic 
acid, an ydroxide etc.). These are called weak electrolytes. This division 
inte Bee wees electrolytes is a qualitative one. There are some electrolytes 
such as BaCly etc. which exhibit an intermediate behaviour 


Limitations of the Arrhenius Theory 


—— theory is satisfactory for weak electrolytes. However, when applied 
to ay ice ytes many anomalies have been observed which seriously question 
the validity of some of the postulates of theory. Some of the important discrepancies 


are: 

(i) The degree of dissociation obtained from conductivity measurement and from : 
colligative properties are in good agreement for weak electrolytes. But for the 
strong electrolyte the agreement is very poor. 


(ii) The Ostwald’s dilution law is obeyed by weak electrolytes but not all by 


strong electrolytes. 

tence of ions but does not take into account 
The effect of interionic attractions is 
but in case of strong electrolytes, 


(iii) | Arrhenius theory assumes the exis 
the electrostatic attraction between ions. 
quite small in solutions of weak electrolytes, 
this effect is quite pronounced. 

nelude that Arrhenius theory is essentially valid for weak 

describe the behavior of strong electrolytes. 


These points co 
electrolytes but does not 


9.13 THE OSTWALD’S DILUTION LAW 
Arrhenius theory of electrolytic dissociat 
between ions and unionized molecules. The law of mass action can also be applied to 
equilibrium involving ions in the same manner as was done in chemical equilibrium. 
The application of the law of mass action to the weak electrolytes was first attempted 
by Ostwald (1888) and the equation deduced by him is known as Ostwald’s dilution 


law. 


ion assumes a dynamic equilibrium 


Consider a binary electrolyte AB which dissociates into charged ions A* and | 


B™ according to the equation 


AB =A +B 


Applying the law of mass action, we get 
A} B 
K,= Be ie (9.23) 
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Let a be the degree of dissociation (or ionization) and C the total 


concentration of the electrolyte in moles per dm™, At equilibrium, the concentration 
of various species would be 


[A*) =Ca 
[B] =Ca 
[AB] = CG - a) 


Where [AB] represents the concentration of undissociated molecule, Oy 
substituting these values in equation 9.23, we get 


_ (Ca) (Ca) 
K,= "Ca a) 
Co? 
K, = — (9.24) 


Equation (9.24) is the mathematica] representation of the Ostwald’s dilution 
law. The equilibrium constant K, for reactions involving ions is called the ionization 
constant or dissociation constant of the electrolyte. 


It is a constant at a given temperature. If one mole of the electrolyte is 
dissolved in a volume V dm’ of the solution, then 


= fa (V is called the dilution of the solution) 
Therefore, equation (9.24) can also be written as 
_ _ -_ 
K,= (1-a)V (9.25) 


Equation (9.25) which represents the variation 0 


f degree of dissociation with 
dilution is known as the Ostwald’s Dilution Law. 


In case of weak electrolytes, the value of 
unity so that 1 - a ~ 1. Therefore equation 9.25 b 
2 
a 
yrk 


a is negligibly small as compared to 
ecomes 


a 
or a=(K, v2 


V2 
or a x (V) c. K, = constant) 
In other words, the de 


: gree of dissoci 
Proportional to the square root 


é ation for weak electrolytes is directly 
of dilution. 


Experimental Verification of the Dilution Law 


The Ostwald’s Dilution Law can be e 
value of « of a binary ele 


( xperimentally tested by substituting the 
ctrolyte at different dilutions (V) in the expression. 
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Ka=@-ov 


and thus calculating the value of K,. If K, comes out to be constant, the law is 


verified. It was found that the law is valid only for weak electrolytes (mainly acids 
and bases) in dilute solutions. 


The degree of dissociation a is best determined by the expression 
weAn—A 
Ag 9° +2° 


Where A is the equivalent conductivity at dilution V and Ag is that at infinite 
dilution. A-and Ag can easily be determined by conductivity measurements and 
Kohlrausch’s law of ionic mobilities respectively. 


Table 9.3 shows the results for acetic acid obtained at 298 K. 


Table 9.3 Ionization of Acetic Acid in Aqueous Solution at 298°K 
(Ag = 390.71 x 1074 S m? eqiv’) 


Concentration 
(mol dm”) 


1.65 x 10° 
1.81 x 10° 
1.80 x 10° 


1.92 x 10° 


e of K, at different concentrations is almost 


Table 9.3 shows that the valu 
the law fails completely when applied to strong electrolytes like 


constant. However, 
HCl, NaOH, etc. 


Example 9.3 


The equivalent conductivity of a 0.505 M solution of acetic acid is 2.211 x 104 


Sm’ eqiv! at 298 K, while its equivalent conductivity at infinite dilution is 
390.71 x 1074 S m? eqiv ‘. Calculate the ionization constant of acetic acid. 


Solution 
Here A =2.211x 10S m7eqiv” 
Ay = 390.71 x 104 S m? eqiv™’ 


and C =0.505 mol dm~? 
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A 2.211 « 1074 
Bios = 


Ag 390.71 x 10 


Applying Ostwald’s dilution law in case of acetic acid dissociating ag 


= 0.0057 


Qa = 


CH,COOH + H,O == CH,COO™ + H,0° 


Ca? 
‘=|. 
_ (0.505) (0.0057)” 
~~~ 1 = 0.0057 


=1.65x 105 


9.14 THEORY OF STRONG ELECTROLYTES | 


The conductance of solution of given electrolyte depends on two factors, 
namely, the number of ions and their speeds. If the electrolyte is completely 
dissociated, it is called strong electrolyte and if it dissociates partially, it is called 
weak electrolyte. With regard to the conductances of both weak and strong 
electrolytes, it was observed that the equivalent/molar conductance decreases with 


increase in concentration. Why? 


The decrease in equivalent conductance with increase in concentration for 
weak electrolytes can be explained as due essentially to a decrease in the degree of 
ionization. Degree of ionization decreases with increase in concentration. With 
decrease in the degree of ionization, the number of ions per unit volume decreases 
and this results in the decrease in the equivalent conductance. However, such an 
explanation cannot apply to strong electrolytes, since these are almost completely 
dissociated in all dilute solutions. Consequently, to account for the variation of 
equivalent conductance with concentration in strong electrolytes, some other 
explanation must be sought, and this is found in the Debye-Huckel-Onsager Theory 


of conductance. 


In 1923, P. Debye and E. Huckel put forward a theory of interionic attraction 
for dilute solutions of strong electrolytes. This theory occupies a dominant place in all 
consideration involving electrolytes and their kinetic and thermodynamic behaviour. 
Debye and Huckel suggested that strong electrolytes exist in solutions as ions. They 
believe that strong electrolytes at least in dilute solutions are completely ionized and 
the effect observed is due to unequal distribution of ions resulting from interior 
attraction. Debye and Huckel showed that, because of the electrostatic attraction 
between charged ions, each positive ion in the solution must be surrounded on an 
average with more negative ions than ions of like charge; and conversely, each 
negative ion must be surrounded on an average with more positive than negative 
ions. In other words, each ion in the solution is surrounded by ionic atmosphere 
whose net charge is opposite to that of the central ion. They showed, further, that the 
properties of an electrolyte are determined by the interaction of the central ion wit 
its atmosphere. Since the nature of the atmosphere is determined by the valencies © 
the ions in the solution, their concentration, the temperature and dielectric constant | 
of the medium, it must follow that these are also the factors controlling th 
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thermodynamic properties of the electrolyte. At any given temperature and in a given 
solvent, the temperature and dielectric constant are fixed, hence the properties of an 
electrolyte depend only on the charges of the ions and their concentration not at all 
on the nature of each electrolyte. These conclusions are only valid for dilute solutions. 


According to Debye-Huckel theory of interionic attraction, each ion in 
solution is surrounded by an ionic atmosphere of opposite ions whose net charge ig on 
the average opposite to that of the central ion. This ionic atmosphere is spherical and 
symmetrical in nature in the absence of any disturbing factor such as the application 
of potential across the two electrodes immersed in the solution during the 
conductance measurement. However, when potential is applied, the ions start moving 
towards the respective electrodes and as a result the ionic atmosphere is distorted 
which results in a decrease in the speed of the ions. Debye and Huckel showed that 
these affects are due to two factors, namely, (i) Asymmetric or Relaxation effect and 
(ii) Electrophoretic effect. 


(i) Asymmetric or Relaxation Effect 


According to Debye-and Huckel theory each ion in the solution of an 
electrolyte 1s surrounded by an ionic atmosphere of oppositely charged ions. For 
example, a positively charged ion is surrounded by atmosphere of negatively charged 
ions and vice versa. When the ions have no external force applied on them, this 
atmosphere is spherically and symmetrically distributed about the ion. However, 
when an external force is imposed, as when a potential is applied across the two 
electrodes, the ions present in the solution move towards their respective electrodes. 
The central +ve ion will tend to move towards cathode, while its negatively charged 
ion atmosphere will move towards anode. As a result, the symmetry of the ionic 
atmosphere about central ion is destroyed. As long as the ionic atmosphere is 
symmetrical: it will exert uniform force of attraction on the central ion from all 
possible directions and the net effect will be nil. (Fig.9.4(a)) 


¥ Anode | Cathode 
ee, 
{ © \ ag o-rr~ S}.. : 
—) r) ; % 
\ / f @ : 
: / % r; 
es beg 2 i Onn. — o” 


(a) Symmetrical ionic atmosphere (b) Asymmetric ionic atmosphere 


(No field) (Electric field) 


Fig.9.4 Asymmetric effect showing distribution of ionic atmosphere 
in the pressure of an applied field 


But in case of distorted ionic atmosphere a shown in Fig. 9.4(b), the of force 
aS from the rear becomes prominent on the moving central ion. Therefore, the 
eet — ion experiences a backward pull or a retarding force. Its mobility is 
“ie own and hence, the effective conductance of the solution decreases. This 

ward pull on the central ion is known as asymmetric effect as it is due to the lack 
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of symmetry in the ionic atmosphere. Once the ionic atmosphere is destroyed, a finite 
time is required for rebuilding another symmetric ion-atmosphere. This time is called 
relaxation time. This time of relaxation is considered to explain the retardation in 
the motion of the central moving ion by the ionic atmosphere, therefore asymmetric 
effect is also known as relaxation effect. 


(ii) Electrophoretic Effect 


In addition to the asymmetric effect, there is another factor with retards the 
mobility of ion, the electrophoretic effect. This effect arises from the fact that an ion, 
in moving through the solution, does not travel through a stationary medium, but 
through one that moves in a direction opposite to that of the ion. Ions are generally 
solvated, and when these move, they carry with them solvent. Any +ve ion migrating 
towards the cathode, has, then, to thread (pass into) its way through the medium 
moving with negative ions towards anode. Similarly -ve ions have to migrate through 
the molecules of solvent carried by +ve ions in the opposite direction. These counter 
movements have a retarding influence on the mobility of the central ion. This effect is 
known as electrophoretic effect. This causes an additional viscous force which further 
slows down the speed of the ions and hence the conductance. 


It is called electrophoretic effect because it is somewhat analogous to that 
opposing the movement of colloidal particles in the electric field. It slows down the 
speed of the ions in the same way as swimming against the current in a river would 
slow down a swimmer. For any dilute solution, the ionic atmosphere is almost non- 
existent, so asymmetric effect is zero. Similarly at infinite dilution, the 
electrophoertic effect is also negligible, but both effects have definite values in 
concentrated solutions. Debye and Huckel showed that both of these retarding effect 
on an ion produce a decrease in the equivalent conductance. These are the 
theoretical explanation for the decrease of equivalent conductance in case of solutions 


forces between ions might have some 
ce, especially with strong electrolytes, was 


A completely random distribution of i 
possible. A positive ion will have an 
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to that of the central ion. This forms an essential postulate of the Debye-Huckel 
theory for dilute solutions of strong electrolytes. 


‘ 


dv 


Oa 


Fig. 9.5 The ionic atmosphere and time average distribution of ions around a 
reference ion 


Let us consider a positive ion situated at A(Fig.9.5). Suppose there is small 
volume element dv at the end of radius vector r; the distance r is supposed to be of 
the order of less than about 100 times, as the diameter of the ion. Due to thermal 
movement of ions sometimes there occurs an excess of positive ions and sometimes 
‘an excess of negative ions in the volume dv. If a time average is taken, however, it 
will be found to have, as a consequence of electrostatic attractions by the positive 
charge at A, a negative charge density. In this way every ion may be assumed to have 
an ionic atmosphere of opposite sign. The net charge of the ionic atmosphere is equal 
in magnitude and opposite in sign to that of the central ion. It is possible to define 


the effective thickness of the ionic atmosphere. 


Debye and Huckel took the interionic attraction into consideration and 
calculated the ratio of activity to the concentration of an ion in dilute solutions. 
Suppose the time average of the electrical potential in the center of the volume 
element dv in Fig.9.5 is Y. It is defined as the work done in bringing a unit charge 
from infinity to a particular point. The work done in bringing a positive ion of valence 


Z, and carrying a charge € to that point is given by Z,¢¥. Similarly the work done in 


bringing a negative ion is Z_eV. Z, 
include the sign. If the concentrations of the ions at a considerable distance from the 


and Z_ are numerical values only, and do not 


given ion, where ‘Y may be taken as zero, are ny and n° per unit volume, then by the 


Boltzmann distribution law for particles in a filed of varying potential, the 
concentration of the positive and negative ions, i.e., My and n-, at the point under 


consideration, are given by 


caer | (9.26) 
and n_=m. en Ce Piet) (9.27) 


where k is the Boltzmann constant. Since Z, and Z_ are the numerical values only, it 
is clear that n_ is greater than n,, and so there are on the average more negative ions 
than positive ions in the vicinity of any positive ion, the reverse will be true for 
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negative ion. It is seen, therefore, that every ion is surrounded by an OPPositively 
charged ionic atmosphere. 


In the vicitinity of A’, the density of electricity or electrical charge density ey 
at any point is equal to the excess positive or negative electricity per unit volume at 


that point, that is, 
p=n,Z,e-n_ Ze 


p = e[n, Zi, e+e HIRT) = n_ A e het) (9.28) 


For uni-univalent electrolyte, Z, and Z_ are unity and n, and n_ must be 
equal because of electrical neutrality hence, Eq.(9.28) reduces to 
~eWKT "ge VIKT) 


p= eé(ne 
or . a= en(e © VAT - pent, . (9.29) 
or p = en(e *- e*) (9.30) 


where n is the number of either kind of ion in unit volume. Expanding the two 
exponential series and writing x in plane of e'P/RT, one gets, 


2 3 

7 x x? x 

N= 1-T+9r- 3+ 

t= KE 

“eel eg) = or Br 
x x? ¥ x x* x3 

(e * e*) 1-7 +9or-3r- 1-71-97 - 31 oa) 
2X 2x? 2x5 

ee) =~ - Gr 


_ ey 2 x4 
i aE te ad a eee | (9.31) 


If it is assumed that X is small in comparison with unity, all terms beyond 
the first in the parenthesis may be neglected 


ey 
p=—Fyr 2n (9.32) 
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where 2n= Zz n+ 2 n 
—-n 72 2 
2n — n,Z, + n_Z_ 


This is only true for 1 : 1 electrolyte. Hence Eq.(9.32) may be written as 
2 ‘ 
-£*/, 972 2 
p=- yp (nyZ, +02!) (9.33) 


In the general case where Z+ and Z- are not necessarily unity and if the 
solution may contain several kinds of the ions, Eq.(9.33) may take the following form. 


” ey 2 
p=-sar EniZ; (9.34) 
1 


Where n, and Z; represent the number per unit volume and valence of the 


ions of i‘ kind. The summation is taken over all kinds of ions present in the solution 
and Eq.(9.34) is applicable irrespective of the number of different kinds of ions. 


In order to solve for ¥ it is necessary to have another relationship between p 
and ¥ and this may be obtained by intorducing Poisson's equation and this equation 
in rectangular coordinates is 


a2 2 
yp ay op 4 
ey le (9.35) 


Where x, y and z are the coordinates of the point in the given volume element 
and D is the dielectric constant of the medium. Converting to polar coordinates, and 
making use of the fact that the terms containing 0/00 and 6'¥/0p will be zero, since 
the, distribution of the potential about any point in the electrolyte must be spherically 
symmetrical and consequently, independent of the angles 8 and 9, Eq.(9.35) becomes 


1 d 2a | 4np 
at it \=-5 (9.36) 


Substituting the value of p from Eq.(9.34) in Eq.(9.36) we get. 


2 
& a( gv). 48 SP sy 72) 


dr * dr /~~ D ae 
2 
1 d ogt | re 2 
5H? a 
1 d/( 9d¥ 9 
18 (eef ea a 


where the quantity k(not to be confused with specific conduction) is defined by 


4n e*rn,Z, 
i 


a 
ir 0) 
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dne*EnjZ; } 
1 

or k= — Wr (9.38) 

where r denotes the distance from the central ion to the point where ¥ is determineg 


and : has the dimensions of length. It is called Debye-Huckel reciprocal length, [t is 


the distance over which electrostatic field of an ion extends with appreciable 
strength. k~' is a measure of the thickness of the ionic atmosphere. 


The differential equation Eq.(9.37) can be solved, and the solution hag the 
general form ; 


Ae™*" Be*t 
—_— oa — 


_a (9.39) 


y= 

Where A and B are integration constants, whose values are determined by 

applying the boundary conditions. Since ¥ must approach zero as r increases, 

because the potential at infinite distance from the given point in the solution must be 
zero 


p-Ae”, Be® Ma 
[o.@] @ 
@ “= 9 
o=0+82 — 
e” 


: ae 
This can be only true if B = 0, since > * 0, hence Eq.(9.39) becomes 


Wx Ae™ 
~ or (9.40) 


The value of A can be calculated by the fact that for very dilute solution En,Z 

Z 1 

is almost zero and hence k is also zero. The value of potential . at the point ie 
consideration will be 


_A 
Fir (9.41) 


— case of dilute solutions the potential in the neighbourhood of an ion will be 
due : nat ion alone, since other ions are too far away to have any influence. If the 
ee ean Tequenen ta being 2 point charge, the potential at small distance will be 


m7 Zi€ 
1 Dr | (9.42) 


Eliminating YY; between Eq.(9.41) and Eq.(9.42), we get 
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Z\€ 
o = ARTY (9.43) 


Substituting the value of A into Eq. (9.40), we get 


as it kr 
ak he (9.44) 


The value of V represented by Eq.(9.44) is the mean value of the potential at 
point r produced by the ionic atmosphere and the central ion. Real solutions are 
characterized by the potential of the ionic atmosphere which is found as the 
difference between and 7; : 


| 
a a eS Vj: | 
-kr 

: ae = 1 = kr 

yw. = “€ -kr zie : | 7” 
ia Dr ©” Dr | | 1 —e8 = [1 - ka] = kr 

oe -kr | oh? _ y=] -kr-1=-kr 
4 ta Dr (e =} 
Vin a (-kr) 

Z\€ k ; ' 

Pia a: = (9.45) 


The Eq.(9.-45) is independent of r and hence it may be assumed to hold even 
when r is zero, so that the potential on the ion itself, due to ionic atmosphere 1s given 
by above equation. The net charge of the ionic atmosphere is -Z;¢, because It 1s equal 


in magnitude and opposite in sign to that of the central ion itself. If this charge was 
placed at a distance 1/k from the ion, the potential produced at it, would be -Z,ek/D. 


which is identical with the value given by equation (9.45). The quantity 1/k can thus 
be regarded as a measure of the thickness of the ionic atmosphere in a given solution. 
According to the definition of k, the thickness of the ionic atmosphere will depend on 
the number of ions of each kind present in unit volume and on their valence. If C; is 


the concentration of the ions of the i kind expressed in moles (gram-ions) per liter, 
then _ 
_ N 
nj = Ci 7900 
~ where N is the Avogadro number, hence from Eq.(9.38) 


1_(_DT_1000k \'” 
k oz 4ne"N 


The value of universal constants are as follows: & is 1.38 x 1076 erg per 
degree, € is 4.80 x 107° esu and N is 6.025 x 10”°, hence 


| 
ae 
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For water as solvent at 25°C, D is 78.6 and T is 298, so that 


The thickness of the ionjc atmosphere is thus seen to be of the order of 1078 


cm or 10°! m. It decreases with increasing concentration and valence of the iong 
present in the electrolyte, and increases with increasing dielectric constant of the 
solvent and with increasing temperature. 


9.16 DEBEY-HUCKEL-ONSAGER’S EQUATION 


_ According to Debye-Huckel theory of strong electrolytes each ion is 
surrounded by an ionic atmosphere of opposite charge. A moving ion under the 
influence of applied electrical field is un-symmetrically surrounded by the ionic 
atmosphere of opposite charge. The charge density is greater in the rear than in the 
front of ion. As the ionic atmosphere is not symmetrical, it results in the retardation 
of the ion moving under the influence of applied field. This influence on the speed of 
ion is called asymmetric or relaxation effect. A viscous resistance of the solvent also 
acts on the moving ion. It is similar to the resistance acting against the movement of 
the colloidal particles in an electric field. It is called electrophoretic effect Both 

_ asymmetric and electrophoretic effects retard the speed of the central moving ions 
and ultimately decrease the conductance. 


Debye and Huckel made an attempt to calculate the magnitude of the process 
which oppose the motion of the ions in solution. They supposed the ions to travel 
through the solution in straight lines, neglecting the zigzag Brownian motion 
brought about by the collisions of surrounding solvent molecules. This theory was 
improved in 1926 by the Norwegian-American physical chemist Lars Onsager (1903- 
1976) who took Brownian motion into account, They applied Stockes’s law and 
derived the following expression for electrophoretic effect for an ion of the ith kind. 


€ Zik K;V 


Electrophoretic force = 
6ny 


(9.46) 


Where Kj is the coefficient of frictional resistance of the central ion with 
reference to the solvent, nis the viscosity of the medium, V is the applied potential 


gradient, ¢ is the electronic charge, Z; is the valence of the it ion, k is the reciprocal 
of the thickness of the ionic atmosphere. The same result was derived in an attractive - 
manner by Onsager, who showed that it is not necessary for the Stokes’s law to be 
strictly applicable in the immediate vicinity of an ion. 


In the first derivation of the relaxation force Debye and Huckel did not take 
into account the natural Brownian movement of the ions but Onsager also considered 
this movement for the derivation of relaxation force. According to Onsager. 
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Relaxation force = 


ann constant, 7 


Where D is the delectric constant of the medium, k is Boltzm 
the value of the 


is the absolute temperature K is same as in previous equation, Zj is 
ion, V is the applied potential and w is defined as 


(I 
| 
1+q”2 


A a Ay +A. ; (0.41) 


A, and A_ are the ionic conductance’s of +Ve and —Ve ions. 


through a solution with a 


Let us suppose that an ion of itt kind is moving 
f ith kind due to applied 


steady velocity Ui. The driving force acting an the ion 0 


electrical field is 
Driving force = € ZV (9.49) 


It is now possible to equate the forces acting on anion of ith kind when it is 


moving through a solution with a steady velocity; the driving force due to applied 


electrical field is opposed by the frictional force of the solvent (KiUi), together with 


the electrophoretic and relaxation forces hence. 
eZ;k e *Z;k 


€Z,V =K\U; +———KiV+ . 
6nn 6DKT 


dividing throughout by KiV and rearranging, we get 


Ui eZ, €Zik €°2Zik w 
or -—=—+——_ For K. 


+ i E 
V Kj 6m 6DkKT K; 


Multiply the above equation throughout by V 


y £4 _v eZik  € *Zjk w 
' Kj 6nn 6DKT K, 
. EZ V Z,  €°Z; Ww 
Hiei -vek t+ 
Kj [2 6DKT *) om) 


If the potential gradient is taken as one volt per cm 


Lvolt/ = esu 
cm 300 


SSR = 2 wo . fads a 
: es) : 
eer: SN DT VFN EEE 
ar ee 
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Since the forces of attraction are electrostatic in nature. 


_ €% le Zee 27, Z| (9.51) 


' 300K, 300\ 6mm 6 DKT K 


At infinite dilution k is zero, so the above equation reduces to 


= 2h. 7 (9.52) 
; ~ 300K, 


x 
But UP F=A? so i 


i (9.53) 


Since ions behave independently at infinite dilution, therefore ionic 
conductance at infinite dilution can be written as according to Kohlraush’s law 
ho =FUS and A° = FU? 


Again we know that U;= A 
aF 


When « is the degree of dissociation. Substituting the value of Uj and ue 
into Eq. (9.51), we get 


Ai A? _ek{ Z, eZ, w 
Ee a TE (9.54) 


aF F 300(6mn 6DkT K, 
When the electrolyte is fully ionized, i.e. « =1, then 


-0_£k{ ZF €°ZF w | 
'"'"300| 6nn  6DKT K, | (9.55) 


eZ 


Oo 
We know that Lis = 
F 300K, 


Substituting this value in above equation we get 


aay (Ze. €300A2 " 


"300 | 6mm 6 DAT” (9.56) 


; 
2 / 
But k {s = na (cf Eq.9.38) 
| 
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ee 


Where m is the number of ions present for unit volume. Substituting this 
value in Eq. (9.56), we get. 


\ 
4n &* ZF 
a or 300¢€ Aj 
ve ral DAT Saat] fa 6DAT | 
l 
7 dne7N , \2 ZF , 3006 Aw | 
Ape ee Yi ar RAMI deco 
am Sl ae Ds | [Ze 6DET | 


Here ni= on 
1000 


The values of universal constant are as follows: k is 1.38 10°'° erg per degree 


€ is 4.802 « 10:! esu and N is 6.025 1024, hence. 


5 ; ax Be 
1, ai _| 2.82 (Ye wit $4 ee aw (Scizi?) ] 
J 


| (DT) = (DT) * 
: he 29.15 9.9 
- Aj =a; -| SOB 2919" wou | (Deze) }? - --9,57 
| (DT) “1 (DT)? . J 


For 1:1 electrolyte, C) = C+ + C-, Zi = 2+ + Z- 
| 


Aw 


0 | 20.1512, +F Soult 


i, =a = (C.224+C.2)? 


| 
| | 
| (DT) ?n (Dr) 2 ] 


Cs and C. represent the concentrations of the ions in moles 


The quantities 
replaced by the corresponding concentrations C in equivalent 


~ per liter, then may be 
for liter. where C is the same for both ions i.e. C+ = C. = C 

rf \ 

soy iVC(Z; +Z°y¥° 


| 29.15(Z, +Z.) cd 
| 
(DT) 7 (DTy? | 


The equivalent conductance of an electrolyte is equal to the sum of the 
conductance’s of the constitute ions, and so to follows from above equation. 


9.9x10° AM A 
A=A.. BLS ZL. dy | ete: C(z. +22)? 
(OT) 2n (DT)? 


For 1:1 electrolyte, Z+ = Z- = 1 and w = 2- V2, so 
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5 
A=A _},:29.15(Z, +Z_) , 9.910 A, 2-2 J2c 
aE 


- er: 
(wry2n = (DT) 
82.4  8.2x10° A, | Ve (9.58) 


A=A, -|——- +7 
(DT)2n (oTy”2 


A=A, -[A+B Ay] VC — 


When A and B are constants dependent upon the nature of solvent and 
temperature. 


‘ 82.4 
A = snell 
(DT)? 


5 
and B= 2x10" S ss 
(Ty? 


Equation (9.58) and (9.59) represents the forms of the Debye Huckel-Onsager 
conductance equation, these relationships are based on the assumption that the 
dissociation of the electrolyte is complete. This equation accounts for the falling off of 
equivalent conductance at appreciable concentrations in terms of decrease in ionic 
velocity resulting from inter ionic forces. The decrease of conductance due to these 
forces is represented by the quantities in the square brackets. The first term gives 
the effect due to electrophoretic force and the second term represents the influence of 
asymmetric force. It is apparent from the equation that for a given solvent at a 
definite temperature, the magnitude of the interionic forces increases with increasing 
valences of the ions and with increasing concentration of the electrolyte. 


Validity of Debye-Huckel Onsager Equation: 


Assuming complete dissociation of 1:1 L 
electrolyte the D.H.O equation may be written | Bg 
in the form. | OS Key 
A=A,-(A+BA,) VG — ies 
te Ag) : 
Where A and B are constants A | ae 
oO t 
dependent only on the nature of the solvent — = 
and temperature. The above equation is an | cn ; 
equation of straight line. In order to test the | oe. 
validity of above equation, the experimental Cy ie, 
value of A of very dilute solution of a strong le 


electrolyte are plotted against JC. A straight 
line is obtained with slope equal to A + BA, 
and intercept A, as shown in Fig-9.6. This equation is obeyed at the concentration of 


about 2x 10-3 equivalent per liter. This equation is also applicable to non-aqueous 
solvents. This equation holds good for certain electrolytes like NaCl, AgNOs, KCl, 


Fig. 9.6. Test of Debye- Huckel- 
Onsager equation 
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| Le. peaken deviations nee observed for 2:2 solutes, and for solutions prepared in 
solvents having lower dielectric constants. Negative deviations from theoretical 
nee of a eagerness be due to incomplete dissociation. It has been observed 
t smaller ions, possessing higher valence, show marked deviation in a medium of 
low dielectric constant. 


yal 


D.H.O. equation also shows deviation of higher concentration of solutes. 
Bjerrum was the first man who tried to explain this observation. He said that when 
electrolyte concentration is increased, the ions become close to each other and the 

“forces of attraction between opposite charges are increased. At higher concentration, 


individual ions, associate into electroneutral ion pairs (BtA’) which are unable to 
conduct electricity. As a result of the combination of charged particles, the 
conductance decreases. 


9,17. WIEN AND DEBYE-FALKENHAGEN EFFECTS 


The conductance of completely dissociated electrolytes is independent of the 
electric field strength in the range of moderate field strengths. At higher field 
strengths of the order 107 Vm", however, Wien (1922) observed an increase in the 
conductance with increasing field strength. The increase is more intense for more 
concentrated solutions and for polyvalent ions the conductance always approaches a 
limiting value with increasing field strength. This effect of field strength on the 
conductance is called Wien effect. This effect can easily be interpreted by making use 
of the ion-ionic atmosphere interaction model. Under condition of high field strength, 
the ionic mobility is so large that the ionic atmosphere is unable to rearrange itself 
fully around the moving central ion. Consequently, both the electrophoretic and time- 
relaxation effects exert no influence on the moving ion, and the observed conductance 


rises above the value found for low field strength. 


A second phenomenon, also observed by Wien under conditions of high field 
strength, deals with the influence of the electrical field on the dissociation constant of 
the weak electrolytes. A high field strength affects the dissociation positively and, 
consequently, affects the equilibrium dissociation constant (dissociation equilibrium 
constant) of such an electrolyte. The theoretical interpretation of this very important 
observation, as given by Onsager (1934) and Bass (1968) is based on the fact that at 


high electrical field strengths the probability of ion-pair and triple-ion formation is 
much lower than at low field strengths. 


If a high frequency alternating current is applied to an electrolyte, and the 
time of oscillation is equal to or less than the relaxation time of the ionic atmosphere, 
the asymmetrical charge distribution usually associated with an ion in motion cannot 
form completely. The retardation of the ionic velocity due to asymmetric effect is thus 
reduced, and the conductance of the solution should be greater than the normal value 
P. Debye and H.Falkenhagen (1928) deduced theoretically the existence of high 
frequency effect on the conductivity of the ion. In 1928 Sach proved experimentally 
that this is really so at frequencies exceeding 5 MHz, where the equivalent 
conductance approaches a value some what lower than A,. The value must be lower 


than A, because the high frequency field eliminates the time relaxation effect only, 


it has no influence on the electrophoretic effect. 


? 
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It is important to emphasize that the influence of high frequency current, 
and high voltages provides strong arguments in favor of the view that under norma] 
conditions ionic velocities, and hence conductances are below those for infinite 
dilution because of the effect of the ionic atmosphere which increases with Increasing 


concentration. 


9.18 IONIC STRENGTH 


When we dissolve an electrolyte into aqueous solution, it dissociates into 

positive and negative ions. When the concentration of the electrolyte increases in the 
solution, there occurs an interaction between positive and negative ions. Because of 
this interaction the ions behave differently from those in dilute solutions. The 
behavior of ions in solution is influenced by a number of factors, chief among which 
are the natural attraction of ions of unlike charge and repulsion of ions of like charge 
(Coulomb's law) and the influence of thermal agitation (Boltzmann distribution law) 
to counteract the electrical attraction and repulsion. The effects are dependent upon 
the total ionic composition of the solution, which is expressed by G.N. Lewis in 
concept called tonic strength of the solution. Ionic strength is a useful concept because 
it allows us to consider some general expressions that depend only on ionic strength 
and not on the identities of the ions themselves. This quantity is a measure of 
electrical environment in the solution. 


lonic strength is given the symbol jt and is defined as half the sum of the 


terms obtained by multiplying the molality (or concentration) of each ionic species 
present in the solution by the square of its valence: thus 


| 4 , , 
w== >'m,Z," | (9.60) 


Where m, is the molality of the ion and Zj is its ionic charge. The product 


mijzi* is summed for all the ions in the solution then divided by two to give the ionic 
- strength. 


If a solution contains a number of ionic species indicated by the subscripts 
1,2.3. etc. so that their respective molalitiés are mi, m». m3, etc. in gram ions per 


1000 gram of solvent. and Z; Z» an Zs etc. are the corresponding valencies, then the 
ionic strength is given by | 


ly 9 oa . 
ee (m,2; +mZ3 +m Zj +... ) (9.61) 


~ 


For a si ‘ ’ 
a single electrolyte such as sodium chloride or potassium sulfate, the 


abov ion r 
€ equation reduces to two terms, one for positive and one for negative ion, viz. 
| ) | 
=— A 2 
H= > (m,Z; +m_22) | (9.62) 


| | When m+ and m- are the molalities and Z. and Z. 
and negative ions. Ionic stre 
terms of mola] concentration 
meter 


Ce ia are the valencés of positive 
ngth is an empirical relationship and is expressed ” 
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| For uni-univalent electrolyte such as NaCl or KCl of molality m. the ionic 


| etreneth is equal to its molality. 


| 2 4 
pas (mx +mxl) 


ber that ionic 


Thus for 1:1 electrolyte p is equal to its m. One should remem 


strength is a property of the solution and not of any particular ion. 


Example 9.4 
Calculate the ionic strength of (i) 0.1 molal NaCl (ii) 0.2 molal K2SO1 (i) a 
solution containing 0.1 m KCl and 0.2 m K»SO, (iv) 0.2 m BaCl: solution. 
Solution: . 
(i) m-=m- = 0.1. Z+ = Z. = 1. so 


| > . 
p- = (0.1 4 ODE) 


‘pee OO 


(i) Jx2SO, produces two K* ions and one soz ion 


m= 2*02> 0.4. Z-=1 
Z.=2 


in. = 0.2 

| . a 
Lb = z (0.4 xf? 4 (.2*27) 
= 0.6 
solution containing 0.1m KC] and 0.2m K2SO;. | 


(iii) Ina mixture of 
=0.1+04=0.5 


Total molality of K* ion = m1 


molality of Cl 1on = m2 = 0.1 


molality of S02” ion = m3 = 0.2 


—— 2 
p= = (mZy +423 +323) 


(iv)  BaCly produces one Ba** ion and two CI ions 


m,=0.2.Z,.=2 
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m_ =2x0.2=04, Z_ =! 
mM =. (0.2x 2? +0.4x1*) 


= 0.6 


9.19. ACTIVITIES AND ACTIVITY COEFFICIENTS OF STRONG 
ELECTROLYTES: 


The thermodynamic and other properties of the solutions of non-electrolyteg 
can be adequately expressed in terms of their concentrations, even at moderate 
concentrations. But the solutions of electrolytes exhibit marked deviation even at 
relatively low concentrations. Dilute ionic solutions have concentration of 0.001 m or 
even less. According to Debye-Huckel theory of interionic attraction, the electrostatic 
attractions between the ions in the solution of an electrolyte have significant 
influence on the mobility of ions. The ionic concentrations in case of weak 
electrolytes, being low do not show appreciable deviation from the ideal behavior. But 
in solutions of strong electrolytes the ionic concentrations are large, so interionic ' 
forces cannot be neglected. Due to electrostatic attraction between fractions of cations 
and anions, the solution exhibits the properties of one in which the effective or 
apparent concentrations of the ions are less than the theoretical concentrations. 
Depending on the relative importance of factors, such as ion-ion attractions and ion- 
solvent interactions, the effective concentration of the solute dissolved in water may 
appear to be less than, equal to or greater than the molal concentration. This effect 
becomes more significant at higher concentrations and increasing valence of the ions. 


G.N. Lewis suggested due to restricted, mobility of the ions in solutions of 
strong electrolytes the ions do not exert their full effect for showing their behavior. 
He proposed the term activity in place of concentration term (molarity, molality, 
formality, mole fraction), so as to explain the departure of electrolyte solution from 
idea] behavior. To distinguish between molar or molal or formal concentration of a 
substance and the effective concentration of a substance which accounts non-ideal 
behavior, the latter is called the activity of the species. So the effective concentration 
of an ion in a solution is called its activity. It is customary to relate the activity of a 
species to its concentration through the expression. 


q; = YALL (9.63) 


in which qj is the activity of the substance i, Yj, is the activity coefficient of 


the substance i and mj is the molal concentration of the substance i. Activity 
coefficient (y) is not a constant and its value varies with the concentration. For 


aqueous solutions, both activity and concentration are expressed in the same units, 
so that the activity coefficient is dimensionless, [For dilute solutions, the molarity is 
almost “numerically equal to molality, which is preferred unit for colligative 
properties (because then the solution properties do not depend on the identity of the 
solute). Therefore, we can shift from molarity concentration units to molality 
concentration units]. 


~ For dilute solutions (< 0.001m), the electrostatic attractions can be neglected, 


<A 


nN 8080808080800 
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aj = mi 
and value of y; becomes unity. For an electrolyte, such as NaCl, the activity 


of Na* and Cl ions can be written as 
a, =Y¥,+™M, 
and a_=y_m_ 


Since it is not possible to get only positive or negative ions in the solution of 
an electrolyte, there is no experimental method available to determine the activity or 
activity coefficient of individual ionic species. The reasons is that the solutions are 
electrically neutral and we cannot increase the number of cations without an equal 
increase in the number of anions. Since we cannot study separately the effect of 
cations or anions in the presence of each other in a neutral solution, it is therefore, 


possible to measure the individual ion activities. Fortunately for most purposes, 


not 
d mean activity coefficient (7+) - 


it is sufficient to know the mean ionic activity (a,) an 

Since it is not possible to substitute concentrations for activities in jonic 
solutions, it is essential to consider how the ionic concentrations may be converted to 
the activities and how such activities can be evaluated. In order to introduce some 
definitions commno aly employed in dealing with the activities of strong electrolytes. 
Consider an electrolyte A,xBy which ionizes in the solution according to 


A,By =xA™ +yB™ 


s on the cation and anion respectively. The 


Whea Z+ and Z. are the charge 
is defined in terms of the activities of the two 


activity of the electrolyte as a whole, a9, 


ions, a+ and a- as 


a, =a, @ (9.64) 


If V is the total number of the ions furnished by one molecule of the 
electrolyte, i.e. V=xtY: then mean activity is defined as 


a, =(a yo = (a a? yo (9.65) 


The activities of the ions are related to their concentrations through the 


relation. 
a+= y+M+ (9.66) 


a.= y-m. (9.67) 


Where m+ and m.- are the molalities of the cation and anions and y, and 
y.are the corresponding activity coefficients. These activity coefficients are 


appropriate factors which when multiplied by the molalities of the respective ions 
yield their activities. Introducing Eq (9.66) and (9.67) into Eq (9.64), we obtain for az 


ay = (m4 ¥4)" (m_y_)” 
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ay =(mym)) (yt y°) (9.68) 


and for mean activity from Eq. (9.65) 


! ! I: 
dy: =(dy) * = (mpm yy, YL) (9.69) 


| . 
The factor (msm!) * 1s defined as the mean molality of the electrolyte. 


' , 1 
m, =(m*m*) ' 
= f 


| . . - . 
Similarly (7S y‘) ’ is known as mean activity coefficient 
* ! 
Vs = (7? x) . 
In terms of mean molality and mean activity coefficient. Iq (9.68) and (9.69) 


may be written as 


dy =a = My 7, (9.70) 
a, = ay’ = (MLY.)' (9.71) 
Finally since for any electrolyte of molality m. we have 
m+ =m 
m-=Vvm 
Eqs. (9.70) and (9.71) then take the form 
a, =(m) m+ )) i, 
canta hs 
=] ¢sm) (ym) | Sy 
[ Vou § 3 
ei \ \ 
=| (x m )(y'm* J Ys 
! 
I. ] \ 
a a fees da) N+Y 
fs y"] . (m* a] Ys 
[ 
ms . v . 
=(x y ) mys . « (9.72) 


and = ay =(a,)' vl psetyy en | 
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| Equation (9.72) and (9.73) are the expressions needed for converting 
ities to molalities, or vice versa. Thus for 1:1 electrolyte such as KCI, of molality 


acti¥ 
m, we have X= Ly = 1, V = 2 and therefore. 


I 
a, =(Ixl) *my, 
? i OE | 
ay = ay = MY 


. Again for an electrolyte of the 2:1 type. such as BaClz, we have x=1l,y =2 
and V=3. 
by 
ly = (1x2?) 3m Ys 


1 
= (4) 3m Ys 
“dy = an = 4m? n 


Example 9.5. 
Calculate the mean and total activity of the following electrolytes 
(ii) Na3 POs (iii) Cas (PO.)2 


5 (i) CuSO, 


Solution: 
(i) CuSO: x =1,y=1l.and V=1+1=2 


a, =(1x1)"2m Ys 
= my+ 
ay = (uz) = Ys 
(ii) Na3POs ynd vol, Veury=4 
dy = (3° x 1y4m Y+ -(27)'4 my; 
a =(a,)° =27m*y3 
(iii) Cax(PO.)2x=3,y =2, VExty=3+2=9 
a, = (322) m ys =(108)/5m ys 
ay =108m°y2 | 
Example 9.6. Calculate the mean activity of the ions and activity of the electrolyte 
in 0.1m NaCl solution. The y, is 0.778. 
Solution: 
m=0.l and y, = 0.778 
a, =My, =0.1x 0.778 = 0.0778 


dy =(a,)° = (0.0778)? = 6.05 10° 
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9.20 DEBYE- HUCKEL LIMITING LAW 

One of the most significant contributions to our understanding of the 
behavior of electrolyte solutions is the Debye-Huckel limiting law. Debye and Hucke] 
(1923) derived an equation which offers quantitative calculation of mean activity 
coefficients of strong electrolytes. The values obtafned theoretically were in good 
agreement with the experimental values as long as the concentrations are kept low. 
The equation which they derived is known as Limiting Law equation. The name 
signifies that its application is limited to dilute solutions of strong electrolytes only, 


This limiting law is based on the following assumptions: 
(i) Electrolytes are completely dissociated into ions in solution. 


The solutions are dilute, with a concentration of 0.01m or lower. 


(ii) 
(iii) The interactions between ions of solute are electrostatic in character, 
Electrostatic forces are strictly long rang interactions. 
(iv) The ions in the solution are subject to random thermal motion which disrupts 
- the orientation of oppositely charged species caused by the interionic 
attractions. 
(v) Each ion is regarded as point charge and is surrounded by ions of opposite 


charge, forming an ionic atmosphere. 
(vi) The dielectric constant of an electrolyte solution is uniform and independent 
of the actual concentration of the dissolved solute. 
The energy associated with the ionic atmosphere is electrical in origin. It 
therefore, must be a function of charge density and the potential produced by the 


ionic atmosphere. According to Debye-Huckel theory the energy of ionic interaction is 
electrostatic in origin and may be defined as the energy of charging a central ion in 


the electric field of an ionic cloud. 

The energy of a charged body, that is the work expended in the process of 
charging, is half the product of its charge and potential. Hence for an ion of charge. 
+Zie the energy it possesses by virtue of its ionic atmosphere is given as 


E; = (charg e) (potential) 


l -Z; €k 
Ej hs bn (=) 
_ ae € 2k 

2D 


The corresponding energy for a 1 g ion is obtained on multiplying by the 
Avogadro number, N, so that 


E; = 


NZ,” €7K ; 
<a (9.74) | 
According to the definition of chemical potential the chemical potential of a 
particular ion in an ideal solution is given by . 


re 
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Hy =H? +RTIn x; (9.75) 
When xi is mole fraction in the given solution. For a non-ideal solution one 
can write 
Hy =H? +RTIng; 
py SMP +RTinax,;+RTIny, (0a = 7%) (9.76) 


Where ai is the activity and y; the activity coefficient of ionic species. The 


difference between Eqs (9.75) and (9.76) is RTIny, which is equal to the difference in 
free energy change accompanying the addition or removal of 1g ion of the given 
species from a large volume of real and ideal solution respectively. This difference of 
free energy may be regarded as, equivalent to the electrical energy of the ion due to 
its atmosphere; that is to say, the departure from ideal behavior is ascribed entirely 
to interionic forces. Hence Kq. (9.74) became as. 


2.2 
RTIny; = a =e 
2D 
28 : 
Iny; — _NZje*k (9.77) 
2DRT 


_ Erom Eq. (9.38), we know 


| 
7 4n e Yn,Z; ), 
= DkT 
re (ay(SiniZ2¥? 
or k —— 
(DAT)? 


Where nj is the number of ions per ml. It may be replaced by NCj/1000, where 
Ci is the number of gram ions dissolved per liter, k is the Boltzmann constant, 
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k = (in) NEGA") * i 


(9.68) 
(DRT) '2 
Substituting this value of K into Eq. (9.77), we get 
ar ! 
ce wo) eg)" 
-NZ,2e7 ce (ez) 
Iny = > DRT i iieceaidaaa Umiemmiaiaal 
: (DRT)? 
Multiplying both sides by negative and on rearranging we get 
. axl | 
amy bed ( ez" 
- In ) _ N*Z;~ is \ 1000 
Pe a. ne ee 
DRT (DRT)'? 
, \ 
23 ( x \? 
1000 Zi- ( CZ 2 
~log y; = A. BN ASCE (9.79) 


2,303 R°? (DT)? 


The term in the large parentheses consists of several constants, only and may 


be replaced by A 
Maids C2; 


~log y, = ; (9.80) 
(DT) 2 
Further, we know that 
le ) 
=— }'C,Z; 
2 
2n= CZ? _ (9.81) 


Substituting the value of >¢, 
A'Z;" 
~ log y; = we Bi 
(DT)’ /) 
A'V2Z? Ju 
37 
(DT)‘2 


log y, = A ive “vi 


(DT): 2 


2; from Eq. (9.81) into Eq. (9.80) we set 


~log yj, = 


(9.82) 
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For a given solvent and temperature, D and T have definite values which 
may be inserted into Kq. (9.82) to give 


log yj =-A ZV (9.83) 


By inserting the values of N, E, x, R, D, and T, the value of A is found to be 
0.509 at 25°C, hance 


-log yj = 0.509 Z;?,/p (9.84) | 


Eqs. (9.83) and (9.84) represent the Debye-Huckal limiting law. This 
expresses the variation of the activity coefficient of an ion with the ionic strength of 
the solution. It is expected to hold for dilute solutions of electrolytes as is clear from 
the fact that the expression for the potential of an ion due to ionic atmosphere was 
derived assuming dilution being approached. Moreover, from Eq (9.84). It follows 
that activity coefficient of an ion should decrease with increasing ionic strength of the 
solution. 


Since the individual activity or activity coefficient, of an ion cannot be 
determined experimentally, it is not possible to make direct test of Eq. (9.83) 
However, it is possible to relate the individual ion activities to the measurable mean 
activities of the ions. If one molecule of a binary electrolyte dissociates into V ions of 


which V+ are cations and V. anions, then the mean activity coefficient is related to 
individual ionic activity coefficient y, and y_ by 


v- / 
Y+ = Go Wes a 


1 py 
logy, =— log (73 ¥*") 


-- [log y.” +log | 


-- [V, log 7, +V_ log y_] (9.58) 


If the valences of the ions are Z+ and Z. respectively, then by the relationship 
between the value and the number of ions, i.e., V,Z, = V_Z_, it follows that 


l 
ne Ya == a [Z_ log y, +Z, log y_] 
+ 5 


log Yi = 


[z_(-az3 Jn) +2, (-AZ2 vi] 


Vp? ¥,. 


ae Z_+Z 
= + 
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log y, =-A Z,Z_y (9.86) 


Equation (9.86) also represents the Debye-Huckal limiting law for dilute 
solutions. According to this law the deviation from the ideal —— i a given 
solvent is governed by the ionic strength of the medium and valence of the ions of 
electrolyte, but is independent of their chemical nature. 


Verification of the Debye-Huckel Limiting Law: 


The mean activity coefficients of 
various electrolytes can be determined 
experimentally by a number of methods, 
e.g. measurement of vapour pressure, 
freezing point, solubility or electromotive 
force. In general, it is found that the mean  ~!09 ¥+ 
activity coefficient of an_ electrolyte 
decreases with increasing concentration, 
but at higher concentration range it is 
frequently found that the mean activity 
coefficient increases with increasing 
concentration. thus passing though a 
minimum. 


The law can be tested by plottinga Fig 9.7. Test of Debye-Huckel limiting 
graph between -log y, and Ju , at room law for diffent electrolytes. 
temperature. All electrolytes should give a 
straight line passing through the origin. The slope of the line depends on Z, and Z_ 


values of the given electrolytes. For electrolytes this slope should be A, for 1-2 or 2-] 
type electrolytes 2A for 1-3 or 3-1 electrolytes 3A etc. 


Example 9.7. Calculate the mean activity coefficient of (i) a 1-1 electrolyte, e.g., 
NaCl at a molility of 0.01 and of (ii) 1-2 electrolyte, e.g., NaoSO, at a molality of 0.001 
In aqueous solution of 25°C. 


Solution: 


w) For 1-1 electrolyte, the ionic stren ; 
: gth is equal to it 
H=0.01,Z,=Z =1. so : its molality, hence 


log ys = -0.509x1x1/0.01 
log y, =-0.0509 | 
Ys = -0.889 
(ii) For 0.001 mola] 1-2 electrolyte. 
ul =; (0.0021? +0.00} x2") 
L = 0.003 


log yz = -0.509x1x 20.003 
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log y, = —0.0558 


Y¥+ = 0.879 


ETERMINATION OF ACTIVITY COEFFICIENTS OF 


9,21. D 
ELECTROLYTES 


The mean activity coefficients of various electrolyte can be determined 
experimentally by a number of methods. Some of them are: 


(i) Solubility method 

(ii) | Vapour pressure method 

(iii) Freezing point method 

(iv)  Electromotive force method 
(v) Equilibrium constant method. 


It is important to note that activity coefficient of a single ion cannot be 
determined experimentally, because it is impossible to isolate an ion in free state. 
Hence only mean activity coefficients of various electrolytes, are usually determined. 


We shall discuss here some of these methods. 


(i) Solubility Method: 

This method is particularly used for sparingly soluble salts. When a solution 
is saturated with a salt there is an equilibrium between the excess solid and the ions 
in the solution. To consider a simple case, such as that of sparingly soluble salt silver 
chloride in contact with its saturated solution, the equilibrium may be represented by 


AgCls) —— Ag” re @: i 


Where Ag* and CI ions refer to the hydrated ions in the solution. The 


corresponding equilibrium constant is given as 
&. «Rng 
oe (9.87) 
AAgCl 


Since the silver chloride is present in the solid state, its activity is taken as 


unity by convention. 


K.(aqgcty = (@qg+) Qg-) “Ange =! 


Ks =(4, +) (a.-) (9.88) 
Where the constant, Ks is known the solubility product constant of the silver 
chloride. 
any electrolyte having the general formula AB(s), in contact 


In general for 
m between the solid and the ions in solution 


. its saturated solution, the equilibriu 
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AB,s) ea At +B™ ‘ 


and the solubility product constant is given by 
K, =(a,+) (@,-) (@.88) 


This expression is the basis of the solubility product principle which states 
that when a solution is saturated with a given salt, the product of the activities (oy 
concentrations) of its constituent ion, raised to the appropriate powers, must be 
constant, irrespective of the nature of other electrolytes present in the solution. 


If the activity of each ion is written as the product of its concentration jn 
gram ions per liter and the corresponding activity coefficient, then the expression for 
the solubility product of ABis) becomes. ; 


K, =y,[A"] y_[B"] 
K, =y,y_[A*][B ] 
K, = ys[A*][B] 
Taking logarithms on both sides we get (on rearranging) 
log K, = log y2 +log [A*][B ] 
log K, =2log y, +log[A*][B ] 
~ log [A*] [B™]= log Kg —2log 7, 
The solubility ‘S’ of such a salt is equal to the moles per liter of the salt that 
dissolves, if no species of electrolyte ABis) other than A* and B™ exist in solution. 
[A*]=[B ]=S 
Thus log SS. = log Kg —2log y, 
log S? = log Ks —2log y, 
2log S= log Kg -2 log y, 


log S= 7 ee Kg -log 7, (9.90) 


+ Since Kg is solubility product, and is constant at a given temperature, 9 
variation of mean activity coefficient 1.e€, ¥;, can be related with the solubility of that 


— at a given temperature. In order to find the utility of last equation, now 
os a val = data that ave obtained when a sparingly soluble salt is dissolved i” 
solutions that comtaim various amounts of neutral or non-reacting electrolyte, that °° 


4 
strength. 
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—log Ys = 0.5091 2,7 Jn 


— log v2 © Vi 


Hence we write the previous equation. 


log S =; log Kg +0.5091 Z;7 Ju . (9.91) 


@ NaCl OKNO3 ABaSO4 4AgSO4 


-3.26 
-3.28 9 


-3.30 


aoe slope = 0.5091 
logS -3.34 
3.36 


-3.38 


0 0.05 0.10 0.15 - 


A 


by extra-polation method 


Fig. 9.8 Calculation of Ks 
ted against Ju by using a complicated but experimentally 


C04] [Co (NH3)2 (NO2)2 C,0,], a straight line is 
ions of linear relation and straight line 


If “log S” is plot 
convenient salt [Co (NH3)4 
obtained, which supports Deby-Huckel predict 
has been drawn with predicted slope of 0.5091 

The Fig 9.8 shows the effect of added salts on the solubility of a salt 
[Co(NH;), C,0 4] [Co (NH3)2 (NO2)2 C,0,] containing a singly charged cation and a 
singly charged anion. For this particular set of data that the linear relation is rather 
rough and that support for Debye-Huckel theory is given but is not very convincing 
here. It is just such difficulties that the theory frequently encounters particularly in 
solutions other than those of extremely low ionic strength. 
in Fig 9.8 with/ without D.H.T and one obtains 
ro ionic strength, the value —3.377. Again the 
s to the complete absence of ionic interactions. 


‘ An extrapolation can be made 
- the L.H.S of equation (9.91) at ze 

mit of zero ionic strength correspond 
Therefore. 


%=1 and log ys =0 
At this limit equation 9.91 gives 
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; log Ks = -3.377 


log Ks = -6.754 
Ks = Antilog (-6.754) 


Ks = 1,.76x 107 
With this value one is again able to learn equation 9.91 around to give an 
expression for the activity coefficient of the singly soluble salt at any concentration. 


log y; =—3.377-log S (9.92) 


The solubility data, used to construct Fig-(9.8) can therefore be made to give 
y; for the dissolved salt in all the solutions studied. Although, the D.H.T.was used to 


aid in the extrapolation to obtain “Ks” in Fig 9.8, it should be recognized that these 
results do not depend on this theory and are valid for any aqueous solution at this 
temperature, for which the solubility of the salt can be measured. 


(ii) Activity Coefficients from the Dissociation of a weak electrolyte 


Other studies of chemical equilibria besides those that make use of oxidation- 
reduction reactions in electrochemical cells, can be used to-deduce thermodynamic 
properties of non-ideal systems. Acid-base equilibria provide many illustrations. The 
traditional example is the equilibrium set up by the dissociation of acetic acid, 


CH3COOH, here abbreviated HAc. 
CH;COOH p= CH,CO0- + H* 


or HAc===H* + Ac” 
The thermodynamic equilibrium constant, denoted by Kth is given 
_ (a+) (a,—) 


th 
(4i4A¢ ) 


K,, -2+7-[H"] [Ac ] 
YHac [HAC] (9.93) 


This: exp ression is simplified when it is realized that the electrostatic 
oe ai are primarily responsible for the non-ideality which produces activity 
coefficient different from unity. The uncharged HAc molecule should therefore 
behave relatively ideally, and we can set YHAc =1 


” [HAc] (9.94) 


Taking log of the above expression and on rearranging we get 
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2 + “ 
log Ky = log | LH" IAC") 
[HAc] | 
log Kin = log v2 + log [H*] [Ac™] 
[HAc] 
lig Ry, 28 fogry,, ata | 
t & Y+ + 10g [HAC] | 
[H*] [Ac] 
log ——————- = = 7 
8 [HAC] log Ky, —2 log Ys (9.95) 


of dissociated and un- 


Since HAc is partially dissociated, so the concentration 
by considering the 


dissociated acetic acid may be substituted in the above expression 
degree of dissociation (x). Let . 


HAc=—H* + Ac” 
1 mole 0+0 t=0 


(1-a) mole a+a after t—sec 


own as degree of 


Where a=no of moles converted to ions and it is also kn 
les liter. Then at 


dissociation. Let the concentration of CH3COOH is taken as “C” mo 
equilibrium stage. 
C(l -a)=—Ca+Ca 


Substitute then values of concentration in Eq. (9.95) we get 


Ca. Ca 
, = log Ky, —2 log Y4 
g C(l_a) £RKth + 


lo 


Ca? 
log ——__ = log Kip -2 log Y+ (9.96) 
(l-a) 
For solutions that are very dilute in ions one can still use the Arrhenius 
expression to obtain the degree of dissociation from the conductivity measurement. 


A equivalent conduc tan ce at given cancentration 
A, ance atinf inite dilution 


a= = = 
equivalent conduct 


In this way, the left side of Eq. (9.96) is determined for various acetic acid 
concentrations. The right side consists of a constant term log Kin and a term which 
the D.H. theory suggests will, at low concentrations, be proportional to the square 


root of the ionic strength. 
~log ys * VE 


contains only the H* and Ac” ions from the dissociation of 


If the solution 
HAg, one has | 
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_i 2 12 
n= 5 [(CaX? + (Ca) (-D? | 


tw =Ca 
and Ju = VCa 
Co? 
so log =~ = log Ky, +2(0.5091 Z,Z_ Ju) 
-a 5 
log Tog 7 108 Kin +1.018 Z,Z.VvCa. - (9.97) 
-a 


Equation (9.97) is an equation of straight-line, 


2 
log fon = log Ky, +1.018/Ca .. electrolyte is 1:1 type Z+ = Z- =1 
—a 


. 2 
If a graph is plotted between log — v/s JCa a straight-line is obtained 
-a 


with slope 1.018 and intercept log Ktn. 
Extrapolation to zero ionic strength, when ¥+ =1 and log y, =0, gives 


log Ky, = -4.7565 
and Ky, = antilog (-4.7565) 


Ky, =1.752x107 
Ky, =1.752»1 o (theoretical) 


Kth = 1.8x 10-5 (experimental) 


-4.73 
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alue of Kth is very close to experimenta 


il 7 he thermodynamic equilibrium constant of weak electrolyte. 
2 . 
aa Equation (9.96) can also be now rearranged to give. 
| L | Ca? 
log Ys => log Kin “3 oo 
2.3782-~ lo Cat! (9.98) 
iain 2 Ye 


for the dissociation products of 


. equation an determine 7 
om equation (9.98), we can de ' 
- for which values of a can be obtained. 


CH3;COOH at any concentrations 
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Q.2. 


Q.3. 


Q.4. 


Q.5. 


Q.6. 


Q.7. 
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(a) 


(b) 


(c) 


(a) 
(b) 


(c) 
(a) 
(b) 
(c) 


(a) 


(a) 


(b) 


(a) 
(b) 
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QUESTIONS 


Define electrochemistry. Discuss the significance of electrochemistry in 
daily life. 

Explain how does the metallic conduction differ from electrolyti, 
conduction. 

Why the electrolytic conduction increases with rise in temperature While 
metallic conduction decreases. | 

Define Ohm’s law. Explain the various terms involved. 


Define and explain the terms conductance, specific conductance and 
specific resistance. : 


Compare equivalent conductance with molar conductance. 
What is cell constant? How is it determined? 


Explain the significance of cell constant. 


0.01M solution of KCl has a specific conductance of 0.00001413 Sm-1 at 
25°C. Its measured resistance in a conductivity cell was 94.3 ohm. When 
the cell was fitted with 0.02 M AgNOs solution, its resistance was found 
to be 50.3 ohm. Calculate the specific conductance of AgNOs solution, 


(Ls = 2.64x10-°Sm"") 


When a conductance cell was filled with 0.02 M solution of KCl, which 
had a specific conductance of 0.2767 Sm-!; it had a resistance of 82.39 
ohm at room temperature. When the same cell was filled with 2.5x 103 
M solution of K2SOx its resistance was 325 ohm. Calculate the cell 
constant and specific conductance of K»SOy solution. 


(Cell constant = 22.80m7!, Ls = 7.01 x 102 Sm’!) 


How is the conductance of an electrolyte measured? Explain the Wheat 
stone bridge circuit with suitable diagram. 


Explain why the specific conductance decreases on dilution while molar 
conductance increases, 


Explain the variation of equivalent conductance of strong and weak 
electrolytes with dilution. 


Discuss the effect of temperature, dieelectric constant and viscosity of 
the medium on the conductance of an electrolyte. 


What is Arrhenius theory of electrolytic dissociation? Explain its various 
postulates. 


Why Arrhenius theory is not applicable to strong electrolytes? 


Define and explain Ostwald’s dilution law. 


How is the law verified experimentally. 


Scanned with CamScanner 


www.pdfgrip.com 


———EE 


Q.3: 


Q.9. 


Q.10. 


Q.11. 


Q.12. 


Q.13. 
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fxplain the effect of concentration on equivalent conductance of weak 
electrolytes. 
s the effect of concentration on equivalent conductance of strong 


(a) 


(b) Discus 
electrolytes. 
Why the equivalent conductance increases as dilution in case of strong 
electrolytes? Discuss Debye-Huckel theory of interionic attraction. 


| (a) Explain Debye-Huckel theory of strong electrolytes. 


(b) Derive the expression for ionic atmosphere around a central ion. 
(a) Drive Debye-Huckel-Onsager conductance equation. 


(b) Discuss the validity and deviation from D.H.O. equation. 


(a) Define ionic strength of a solution. Explain its significance in 


electrochemistry. 


(b) Calculate the ionic strength of a solution that is 0.30m in KNO3 and 


0.1m in CaClz. 


(a) What is Debye-Huckel Limiting law? Prove the following equation. 


-log y. =A Z.Z_ Ju 


(b) Why Debye-Huckel law is valid for dilute solutions only? 


(c) How would you test the validity of Debye-Huckel law? 


(d) Calculate the mean activity coefficient of 0.1m NaCl solution. 


(a) What is the difference between activity and concentration? 


(b) Explain the significance of activity coefficient. 


(c) Derive the expressions for total and mean activity of strong electrolytes. 


(a) What do you mean by mean activity coefficient. 


(b) How would you determine mean activity coefficient by solubility method. 


(c) Explain the measurement of men activity coefficient from the 


dissociation of weak electrolytes. 


Justify or comment on the following statements. 


(i) Metals are good conductor of electricity. 

(ii) Metallic conductors are also known an ionic conductors. 
(iii) Ionic conduction decreases with rise in temperature. 
(iv) The units of conductance is ohm. 

(v) The unit of specific conductance is Sm’. 

(vi) The dimensions of cell constant is m’!, 


(vii) Specific conductance decreases with increase in concentratio 
n. 
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(viii)Equivalent conductance increases on dilution. 

(ix) Direct current is not used in conductance measurement. 
(x) Asymmetric effect is also known as relaxation affect. 
(xi) Ionic strength of 1:1 electrolyte is equal to its molarity. 
(xii) Individual ion activities cannot be determined. 


(xiii)Interionic attractions are responsible for deviation from ideal behavior jn 
case of strong electrolytes. 


(xiv) Debye-Huckel law is valid to dilution solution only. 


(xv) A positive ion has an ionic atmosphere of negative lon. 
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Chapter 10 


ELECTROCHEMICAL CELLS 


10.1 INTRODUCTION 

Electrochemical cells are defined as systems consisting of two metallic 
electrodes, dipping into the same or different electrolytes, in electrical 
communication. These cells may be used to perform two functions namely, (i) to 
convert chemical energy into electrical energy and (ii) convert electrical energy into 
chemical energy. Electro chemical cells can be broadly classified into two categories, 
viz, electrolytic cells and galvanic (or voltaic) cells. In the former, a chemical reaction 
js carried out with the help of electrical energy (electric current), whereas in the 
latter an electric current is produced as a result of some spontaneous chemical 
reaction. Thus, an electrolytic cell is a device to convert electrical energy into 
chemical energy whereas in the galvanic cell, the reverse of the process take place. 


Electrochemical reactions involve electrons that are transferred from a metal 
to a species in a solution. The equilibriam of electro chemical reactions are important 
in galvanic cells and electrolytic cells. The measurement of electromotive force of an 
electrochemical cell over a range of temperature makes it possible to obtain the 
thermodynamic quantities for the reaction that occurs in the cell. The activity 
coefficients of electrolytes may also be calculated from there measurements. 


Electrochemical cells are of practical interest in that they offer the means to 
convert the. Gibbs free energy change of a chemical reaction to work. An 
understanding of the conversion of chemical energy to electrical energy is important 
for work with batteries fuel cells, electroplating, corrosion, electro-refining (e.g. 
production of aluminum) and electroanalytical techniques. Before proceeding a 
distinction should be made between the terms cell and battery. A cell is a single 
arrangement of two electrodes and an electrolyte of yielding electrical energy due to 
chemical reaction within the cell or of producing chemical reaction due to passage of 
electricity through the cell. e.g., common dry cell. A battery, on the other hard, is a 
combination of two or more cells arranged in series or parallel. Thus the ordinary 6- 
volt lead storage battery is a combination of three 2-volt cells connected in series 


10.2 TYPES OF ELECTROCHEMICAL CELLS 
Electrochemical cells are of two types: (i) Electrolytic cells and (ii) Galvanic or 


Voltaic cells. We will discuss each type briefly. 
(i) Electrolytic cells: These are the cells in which electrical energy is consumed to 
bring about a chemical change. Hence in such cells energy consuming electrochemical 


change take place, e.g, electrolysis of aqueous solution of HCl into hydrogen and 
chlorine gases... | 
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Consider an electrolytic 
cell involving the electrolysis of | 
molten sodium chloride using 
platinum electrodes as shown 
in Fig-10.1. The left electrode is Cathode + —— Anode 
connected to the negative 
terminal of an external battery 
which supplies electrons to this 
electrode. It is because of this 
the left-side electrode becomes 
negativity charged. Electrons 
are being sucked but of the : 
right-side sa M4 the Fig. 10.1. Electrolytic cell 

itive terminal of the batter : aoe ss 
ae Sinn, dls electrode antes a positive charge. Within the solution, electricity ig 
carried out by the movement of the ions. The positive ions (Le., cations) are at 
towards the negative electrode and the negative ions (i.e., anions) towards the 
positive electrode. Since cations are attracted towards the negative electrode, the 
latter is known as the cathode. Similarly the positive electrode is known as the 
anode. Electrode reactions involve reduction at the cathode and oxidation at the 
anode. Thus in the present case, we have 


At cathode Na() + €—> Naw, 


= ] = 
At anode Cli, ae (g)+e 
The overall transformation is 


= l 
Nai) +Clv <> Na.) a 5 Clas) 


A typical example of a galvanic cell is that 0 
cell a zine electrode ig dipped into a solutio 
electrode immersed in a solution of Cy2+ 
porous plug which allows electrical conta 
The two half cells constitute the cell whic 


fa Daniell cell (Fig. 10.2). In this 
n containing Zn?+ ions and a copper 
ions. The two solutions are separated by a 
ct but prevents intermixing of electrolytes. 
h is represented as . 


Zn| ZnSO 4.aq)| CuSO499)|Cu 
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eect NLL LALO A NAA LDA ALAA 


The single vertical line denotes the phase bounding and double vertical lines 
ate that the liquid junction potential has been eliminated. Following reactions 


indic 
. place in the Daniell cell 


take 
ZN\s) +CuSO4(aq) —> Cus) + Zn$O4(aq) 


or in the ionic form 


2+ 2 
En FO a, >Cuys) + Zn" (aq) 
This reaction occurs at a very fast speed, i.e., the moment zinc is added to 
copper sulphate solution, copper is immediately formed. In this reactions, we have 
basically the following two partial reactions. 


Zs) —> Zn 4° 1.95 (oxidation) 
and Cus) +2€—>Cu,,) (reduction) 
If the two partial reactions e 


are carried out in two physically 
separate places, the electrons will 
have to flow from a place where 
oxidation occurs to a place where 
reduction occurs through an 
external wire. This flow of 
electrons constitutes a current, 
which can be used to drive a 
motor, lift a mass, or to do any 
other work. 


The most obvious way to 
separate the partial reactions 
occurring in the Daniell cell is to 
insert Zn electrode into a solution Fig 10.2. Daniell cell 


containing Zn* ion (but not Cu?! 
ions) and the copper electrode (or some reactive metal) into a solution containg Cu?* 


ions. From Zn electrode, a minute amount of Zn can go into the solution as Zn?* ions 
leaving behind a negative charge on the electrode (because of electrons left behind) 
and a positive charge in the solution. These charges stop ionization process of zinc 
almost immediately; for every Zn®* ion entering the solution, it or another ion will be 
driven back to the zinc electrode by the attraction of negative electrode and the 
repulsion of the positive solution. Similarly on the Cu electrode, a few Cu** ions from 
the solution may be deposited as Cu atomis. The process will make the electrode 
positive and solution negative and thus the deposition process is stopped. However 
these processes at the two electrodes, namely oxidation at the Zn electrode and 
reduction at th an 
a at the Cu electrode can be resumed provided we connect the two electrodes 
‘ a wire to allow the electrons to flow from Zn electrode to the electron-deficient Cu 
electrode and bring the two solution into contact through 

ridge , gh a porous plug or a salt 
Cee 80 as to neutralize the charges of the two solution and prevent a di 

‘u™" lons towards Zn electrode. irect flow of 


Cu 


Zn 
a cathode 


anode >>> 


ZnSO, soln CuSO, soln 
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10.3. ELECTRODE REACTIONS AND CONCEPT OF HALF-CELL 


When two electrodes of a galvanic cell are connected by a conducting wir 
certain chemical reactions take place within the cell. such reactions which involy. 
the transfer of electrons from or to the electrode, are termed electrode reaction . 
These reactions are such that at one electrode the electrode material goes into ee ; 
soiution as positive ions, leaving the electrode with a net negative charge (or “ 
negative ions, leaving a net positive charge on the electrode). The excess electron, én 
continuously sucked up by the other electrode. This flow of electrons then result, into 
oxidation at one electrode (called anode), and reduction on the other, (called cathode) 
Thus each combination of electrode and the solution, in which it is immersed, calle d 


half-cells, behaves as an independent source of energy. 


10.4, REVERSIBLE AND IRREVERSIBLE CELLS 


An electrochemical cell may be reversible and irreversible. The reactiong ina 
reversible cell are always in a state of equilibrium and only infinitesimally small 
currents are drawn from it. A reversible cell should satisfy the following conditions: 


If an emf exactly equal to that of cell is applied from an external source, the 


1. 

chemical reaction taking place in the cell will stop, i.e., no current flows, 

2 If the external emf slightly greater than the actual emf of cell is applied to it, 
the current will begin to flow in opposite direction and the cell reaction gets 
reversed. 

3. If the external emf slightly lower than the actual emf of cell is applied to it, a 


very small amount of current will flow corresponding to very small amount of 
chemical change taking place in the cell. 

The cell which does not satisfy these conditions is called irreversible cell. 

A familiar example of the reversible cell is the Daniell cell. When the two 


electrodes are connected to an external source of emf infinitesimally smaller than the 
cell emf, the current flows from zinc electrode to the copper electrode and net cell 


reaction is 
Zn + Cu** == Zn?* +. Cy 


This process continues as the external opposing emf is infinitesimally smaller 
than that of the cell. However, if the external emf becomes infinitesimally greater 
than that of the cell, the current flows in the opposite direction and the cell reaction 
is reversed. When the external emf becomes exactly equal to that of cell, no current 
flows and the cell reaction ceases. 


On the other hand, a cell consisting of zinc and copper electrodes dipped into 
a solution of sulphuric acid is irreversible. The cel] when connected to an externa 
source of emf slightly smaller than that of the cell, zine dissolves in sulphuric aci 
forming zinc sulphate with the evolution of hydrogen. The cell reaction is 


Zn +H,SO, —»ZnSO, +H, t 
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f the emf of ex alt 
s liberated at the other electrode and the following 


es 
Faction takes place 


Cu+H,SO, —»CuSO, +H 7 


i clear from . 
It} the above reactions that the cell is not reversible; in each case 


gifferent sets of products are formed. 
10.5. TYPES OF REVERSIBLE ELECTRODES 


An electrode consists of a metal and some reactant 
solution, which are involved in its functioning Hence each e 
nalf-cell. The reversible electrodes refers to the electrodes of 
ombination of any two reversible electrodes gives a reversible ce 
four important types of reversible electrodes. 


(a) Electrodes of first kind. This kind of electrodes ~—s 
electrodes: : 
(i) Metal-Metal ion electrodes: 


This type of electrode consists of a pure metal r 
its own ions. It is reversible with respect to its cations an 
The half-cell reaction is represented as 


s in the 
lectrode constitutes 4 
a reversible cell. 

ll. The following are 


des the following 


ution of 


od in contact with a sol 
n+ 


d is represented by 


+ —_— 
——M™ +ne 


For example, when Ag wire or foil is immersed in a solution containing Ag” » 


the electrode reaction is 
Ags Ag’ +e 
with respect to Ag* ions. Similarly when Zn electrode 


Electrode is reversible 
he half-cell reaction is 


is immersed in 7ZnSOs solution, t 


—— ga" +2€ 


Itis reversible with respect to Zn** ions. 


Very active metals like sodium or potassium which react with water cannot 


be used for designing such electrodes. 


(ii) Amalgam electrodes: 

an Marae electrodes are essentially very much similar to the metal-metal — 

rn “ es. Here the metal is not used in pure form, but instead, is dissolved in 
een a the extent of 10-20% to form an amalgam. In such cases mercury plays no 

Fine! role except that it lowers the activity of the metal. This permits as to desi | 

es of even more active metals, e.g., sodium, calcium etc For eae a 

: ,a 


sodi ‘ 
ium amalgam electrode 1s represented as 


Na (in Hg) | Na*eo 
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or The electrical contact is made by a platinum wire dipping into the amalgan, fs 
This electrode is reversible with respect to Nat ion. oan 
(iti) Gas electrodes: 


Such electrodes are formed by bubbling an elementary gas over an ine 
metal] dipping into solution containing corresponding ions. For example, the hydro e 
gas electrode. It consists of platinum foil exposed to a current of hydrogen gag dippeq 
in HC] solution. It is expressed as 
Pt Ha¢e)! 14+ 


(P,atm.)| 


The corresponding half-cell is represented as 
= Ha(@P atm.) =H’ aq) + © 


The electrode is reversible with respect to H* ions. 


(b) Electrodes of second kind: 


This kind of reversible electrode consists of metal in contact with one of itg 
sparingly soluble salts and a solution of soluble salt having a common anion with the 
sparingly soluble salt, e.g., a silver-silver chloride electrode it is reversible with 
respect to Cl- ions. It consists of Ag-metal in contact with its sparingly soluble galt 
(AgCl) and and a soluble electrolyte having a common anion (HC)l). It. many be 


represented as 
Ag|AgCl, HClraq 
The electrode reaction is represented as 
A&(s) + oi —— AgCl,) + € 
Another electrode of this type frequently used in electrochemistry is the 
calomel electrode. It consists of metallic mercury in contact with calomel, Hg2Cle, 
which in turn is contact with a solution containing Cl ions. It may be represented as 


Hg | Hg2Cla), KClaq) 


The electrode reaction is represented on 
- l = 
Hg ve) +C] a Hg2Clos) +é€ 


The calomel electrode can be quite easily prepared and generally 0.1N or 
1.0N or saturated solution of KCl is used. Electrodes of 2"¢ kind are of much utility, 
because of their reversibility with respect to anions such as sulfate, oxalate etc. 
which other wise cannot be obtained directly. 


.(c) Electrodes of third kind. 


. This type of electrodes consist of metal, one of its insoluble salts, another 
insoluble salt of another metal having same anion and the solution of any soluble salt 
having the cation common to the latter salt. An example of such electrode is 
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Pb| PbC201@, CaC204), CaCloray 


The electrode reactions are 
Pb === Pb** +2 


2 an 
Pb2* + C,03° === PbC20,4;5) 
Thus removal of oxalate ions from the solution causes the dissolution of solid 
Ca0204 according to the following equilibrium. 


CaC,0, == Ca”* + C,07° 
so that the overall reaction is 


Pby;) + CaCO 4/5) —— Pb C2045) + Ca?* +2€ 


h respect to calcium 


Thus the above electrode system behaves reversible wit 
fabricate electrodes 


ions. Such electrodes are used where it is not possible to 
reversible to ions of any active metals. 


(d) Electrodes of fourth kind. 


This kind of electrodes consist of oxidation-reducti 
doubt, all electrodes involve oxidation-reduction reaction but the electrodes named 
redox electrodes include only the electrodes consisting of an inert metal (e.g- 
platinum, gold) immersed into a solution containing both oxidized and reduced forms 
of a molecule or ion. The inert metal simply provides electrical contact. The gener 
electrode reaction is 


on or redox electrodes. No 


Reduced form ———— oxidized form + ne 


Common redox half-cells are: 


Pt|Fe**, Fe** 
pt|Sn2*, Sn** 
Pt|Ce**, Ce** 


Pt |MnOj, Mn** 

” The gain or loss of electrons by such electrodes is not associated with the 
; sion! or dissolution of the electrode material (metals or gases), but in fact causes 

change in the valence of the ions present in the solution. 

Certain organic substances in their non-ionized oxidi 

oa : -ionized oxidized, and reduced forms 
: “ give ion to this type of electrode systems. Most widely used electrode, involving 
eee oe redox couple is termed as quinhydrone electrode. It consists of 
“t e al dipped into a solution containing hydroquinone (i.e., reduced form) and Q 

quinone (oxidized form), the electrode can be represented as 


Pt | QH: Q, H* 
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The electrode reaction is 


OH O 

- pene ¥ 
1% on 
| = +?2H + 2e 

WN 

OH O 

or simply 
QH, ——Q+2H* +2e7 


10.6. ELECTROMOTIVE FORCE AND ITS MEASUREMENT 


When a cell is connected in series with a galvanometer and the circuit is 
closed, the galvanometer is deflected, indicating that a current is flowing through the 
circuit. The flow of current from one electrode to the other is evidence for the 
existence of a potential difference between them. This difference of potential which 
causes a current to flow from the electrode of higher potential to the one of lower is 
called the electromotive force of the cell. It is abbreviated as emf and is expressed in 


volts (V). . 

The most common method of determining the potential difference between 
any two points in an electric circuit is to connect a voltmeter across the two points. 
The potential difference or voltage is read then directly from the instrument. A 
serious objection to the use of voltmeter is that, it draws some current from the cell 
_ during measurements. When some current is drawn from the cell reaction products 
are formed at the electrode surfaces which cause concentration change of the 
electrolyte around the electrodes. This polarization of the electrodes changes the emf 
of the cell. Again with appreciable current flow, part of the emf will have to be 
utilized to overcome the internal resistance of the cell, and hence the potential 
measured on voltmeter will not be the total cell emf. Hence potential measuring 
devices like potentiometers which require only small currents are suitable for 
accurate measurements and other instruments like voltmeter, etc, which draw 
appreciable currents from the cell are unsuitable for emf measurements. 


Potentiometers for emf measurements operate on the Poggendorff 
compensation principle. In this method the unknown emf is opposed by another 
known emf until the two are equal. F igure 10.3 gives a basic circuit diagam of a 
direct reading potentiometer. ab is the slide wire of uniform cross sectional area 
having high resistance. A cell W, usually a storage battery of constant emf larger 
than the emf of the cell to be measured, is connected in series with the resistance 
across the terminal of resistance wire ab. The cell X of unknown emf is connected to 
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q’ with poles in the same direction as the 
cell W. The other terminal of the cell is 
connected through the galvanometer G to 
the sliding wire by a double-pole double 
throw key, D. The position of the terminal 
ig moved along the sliding wire and the 
rheostat is adjusted until at S' no current 
flows through the galvanometer. At this 
oint the potential difference between ‘a’ 
and S$! just balances the emf Ex of the cell 
X. Next the standard cell S.C. with emf Es 
is connected to the sliding wire by means 
of D. The null point S on the sliding wire 
is again determined. The fall in potential 
along aS’ is exactly compensated by the 
emf of the standard cell, Es. Since the 
cross sectional areas of the wire is 
uniform, hence we have 


Ex _ Drop of potential from a to S’ _ Length aS' 
Es. Drop of potential from a to S Length aS Fig. 10.3. Principle of direct reading 

Knowing the emf of S.C., we can potentiometer. . 
calculate the emf of experimental cell X. 


The standard cell should be Sealing wax 
capable of giving a constant and 
reproducible emf. The most widely Cork 
used standard cell is a Weston Cell 3 
(Fig. 10.4). It consists of a H-shaped mr es Saturated 
glass vessel containing in each arm =o :ii2- CdSO, 
one of the electrodes and filled sarecosenenearers Solution 
throughout with the electrolyte. bee st2: 
The positive electrode consists of ie, oe 
mercury covered with a paste of Hg+Hg,SO, 22% oe 
mercury-mercurous sulphate and He baa sari CaSO,. */, H,O 
the negative electrode is a 12.5% , hi Cd Amalgam 


cadmium amalgam. A saturated 
solution of cadmium sulphate 


(CdS0.. 84 H20) is placed over th 7 | 
4 ¥, 20) is placed over the Fig. 10.4. Saturated Weston standard cell 


electrode. The cell reactions when it 
Operates spontaneously are: 


Anode reaction: Cd(Hg) === Cd** +Hg +2e— 

Cathode reaction: Hg,SO4+2e === 2Hg+SOy" 

Overall reaction: Cd(Hg) + Hg2SO, == ce 4 3Hg + ori 

The emf of Vv 7 
Weitere of the cell is 1.01832 V at 298 K and varies only slightly with 


Scanned with CamScanner 


www.pdfgrip.com 


746 Modern Physical Chemistry 


10.7, ELECTRODE POTENTIAL 


We know that each cell is made up of two electrodes. At one electrode 
oxidation takes place, i.e., electrons are evolved. At the other electrode reduction 
tukes place, i.e., electrons are taken up. For example, Daniell cell consists of two 
electrodes; zinc electrode where oxidation takes place and copper electrode where 
reduction takes place. Each electrode is regarded as a half-cell. 


The tendency of an electrode to lose or gain electrons when it is in contact 
with its own ions in the solution is called electrode potential or single electrod, 
potential. Thus the electrode potential is the measure of the tendency of an electrode 
to lose or gain the electrons, when it is in contact with its own ions. Thus we haye 
oxidation and reduction potential. 


Oxidation and Reduction Potentials 


The cell reaction consists of two half cell reactions, of which one is oxidation 
reaction and the other is reduction reaction. Electromotive force (emf) of a cell may be 
regarded as being made up of two single electrode potentials. Their algebraic sum 
equals to the emf of cell. 


Ecen = Eanode + Ecathode 


Z Eanode Would be the measure of tendency of anode to lose the electrons. Since 
loss of electrons is oxidation, 


V3 ne 


the Eanode would be called oxidation potential. Hence we can define oxidation 
potential as the measure of the tendency of an electrode to lose the electrons. 


It is denoted by Eoxi. 
2. Ecathode Stands for the potential electrode at which reduction occurs. 
M"* +ne ——>M 


Hence reduction potential is the measure of tendency of electrode to gain the 
electrons. It is denoted by Ered. Since cell reaction is essentially a redox- 
process, we can also write 


Ee = Eoxi + Ereg 
The reduction potential of an electrode is the same as its oxidation potential 
with the sign changed. 
Standard Electrode Potential 


It is defined as the potential of the electrode when all of the io 
concentrations are 1.00 M, the temperature is 25°C, and any gases that are involved 
in the cell reaction are at a pressure of 1 atmosphere. It is denoted by the symbol BE. 


Nernst Theory of Electrode Potential 


_ It is well known fact that the ultimate source of emf in a galvanic cell is the 
chemical reaction which proceeds when a current is flowing. Nernst (1889) propose’ 
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a aioe’ ee hie above phenomenon. According to the theory all metallic 

wget ‘is ok i i ave a tendency to pass into solution in the form of positive 
jons. r P ie y e metal is known as solution pressure or solution tension of 
the metal an - constant at a given temperature. Due to the migration of positive 
jons, the metallic electrode is left negatively charged’ and thus an electrical double 
Jayer 18 set up at the electrode. If zinc is immersed in pure water, Zn” jons pass into 
the water under the stress of solution pressure of the metal ° 


Zn ——> Zn** +207 


The zinc metal, therefore is left with a negative charge due to the migration 
of Zn?* ions away from it. Hence, there exists a difference of potential between the 
metal and the liquid. On account of the relatively large magnitude of charge involved, 
the 1ons do not move away from the oppositely charged metal, but form an electrical 
double layer. The formation of double layer prevents the further expulsion of ions 
from the metal and thus there is rapidly established a state of equilibrium with a 
definite potential difference termed as the electrode potential. 


If the metallic electrode is dipped in a solution of one of its salts, the position 
becomes slightly different. In such a case, the tendency of the ions is to be deposited 


on the electrode. This backward reaction is attributed to the osmotic pressure of the 
ions in the solution. Thus, the standard potential of a metal is equal to the difference 
there arises 


between its solution pressure and osmotic pressure of the ions. Hence 

three possibilities: 

(i) «If the solution pressure is greater than the osmotic pressure the tendency of 
the metal to lose ions predominates. A potential difference is therefore, set up 
with the metal left with negative charge with respect to the solution. The net 
result will be that the positive ions will enter the liquid and leave the metal 
negatively charged with respect to the solution. For example, Zn, Mn, Cd and 


alkali metals. (Fig. 10.5a) 

(ii) . Ifthe solution pressure is less than the osmotic pressure of the metal in the 
solution, then ions will have greater tendency to leave the solution and get 
deposited on the metal. In simple words when a metal is placed in‘a solution 
of one of its salts, a positive charge would develop on the metal with respect 
to the solution and a potential difference would be established. Examples are 


Cu, Ag, Hg and Au. (Fig. 10.5b) 


(iii) | When the solution pressure becomes equal to that of osmotic pressure, no: 
relative charge is developed and hence no potential difference exists. Such 


systems are sometimes termed as null electrodes. (Fig. 10.5c) 
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(b) (c) 


Fig. 10.5 (a) Solution pressure is greater osmotic pressure (b) solution pressure jg less 
than osmotic pressure (c) solution pressure is equal to osmotic pressure, 


Measurement of Electrode Potential 


Unfortunately there is no way to measure the single electrode potential of an 
isolated half-cell. All we can measure is the difference that is produced when two half 
cells are connected. In order to determine single electrode potentials, it would be 
necessary to couple an electrode with a reference or standard electrode. The potential 
of the reference electrode is arbitrarily assigned a zero value and the potentials of all 
other electrodes are then referred to it. Two such reference electrodes are described 


below: 


(a) Standard Hydrogen Electrode (SHE) 
A simple type of standard hydrogen electrode is shown in Fig. 10.6. 


Gaseous hydrogen at a 
pressure of 1 atm is bubbled over a 
platinum electrode that is coated 
with a very finely divided 
platinum, which causes’ the 
electrode reaction to occur rapidly. 

This electrode is surrounded by a 

solution whose temperature is 

25°C and in which the hydrogen 

ion concentration is 1.00M. The Dilute acid 
half-cell reaction that occurs at the solution 
platinum surface is. 


Platinum sheet 


Fig. 10.6. Hydrogen electrode 
2H* (aq, 1.00M)+2e” =H, (g, | atm) Eee = 0.00 V at 25°C 


. The double arrows indicate that the reaction is reversible — whether it occurs 
as oxidation or reduction depends on the potential of half cell with which it is paired. 
All other potentials expressed on this basis are referred to as potentials on hydrogen 
scale. The standard electrode potential of any. other electrode is then obtained by 
combining the electrode with the SHE. Since the standard potential of hydroge® 
electrode is zero, the measured potential is the standard electrode potential of the 
otaer electrode. The standard electrode potential is assigned a positive value if this 
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ectrode is more positive with respect to SHE and a negative value if it is more 


el 
ye than the SHE, Such a galvanic cell can be represented as: 


negati 
M|M"*(aq)|| H* (M =1)| H,(g, | atm), Pt 


xidation tak 
If ox es place at M|M"™ electrode, reactions will be 


t metal electrode: . 
A de Ms) a mM" +ne 


At hydrogen electrode: nH* ee 
Over all reaction: 


. It is also possible that reduction can take place on metal and oxidation on 
hydrogen electrode then the electrode reactions will be 


At hydrogen electrode: Y, H, == nH* +ne™ 
At metalelectrode: M"* +ne7 —==Mg) 


Overall reaction: ", H, +M"* =—nH* +Mg) 


In the hydrogen electrode platinum is poisoned by the absorbed impurities 
from the solution and this causes difficulty in its use as it checks the reversibility of 
the reaction. Moreover, it is difficult to maintain one atmospheric pressure of gas 
uniformly and the unit activity of the hydrogen ion, so it ig usually replaced by the 


Calomel electrode which is easy to use. 


(b) Calomel Electrode 


A simple type of calomel electrode 
generally used in the laboratory is shown 
in Fig. 10.7. It consists of glass vessel with 
small quantity of pure mercury at the — Glass 
bottom. The mercury layer is covered with bottle 
paste of mercurous chloride and is filled a 
with a saturated solution of KCl. A Pailtlaae 
platinum wire is fused in glass tube anda __. 
ae tube is provided for the connection. KCI $ 

he electrical contact is made with the Soluti¢ 

a single electrode whose potential is to nen 
Hi eee means of siphon tube 
te s Je y or agar-agar prepared in Fig. 10.7 Calomel electrode 
a solution. Such a connecting 

is called salt bridge. 


The half cell reaction is: 


— Platinum wire 
Siphon 


Mercurous 
chloride 


Hg,Cl, +2e” === 2Hg(¢)+2Cl- 
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The potential of the calomel electrode depends upon the concentration of Kqy "4 

. " - 4 . . ‘ 
solution, The potentials of calomel electrodes as determined by combination with 
standard hydrogen electrode are given in Table 10.1, 


Table 10.1. Calomel Electrode Potentials 


a 


Calomel electrode Oxidation potential Reduction potential] 
Saturated KCI - 0.2415 volt + (0.2415 volt 
1MKCI - 0.2812 volt + 0.2812 volt 


0.1M KCl ; - 0.3335 volt + 0.3335 volt | 


Sign of Electrode Potentials 


A. According to IUPAC system — the electrode potential is given positive sign if 
the electrode reaction involves reduction when connected to SHE. For 
example, when copper electrode is connected with SHE, reduction occurs at 


copper electrode. 


At SHE: H>(g) ——2H* +2e" ~— (oxidation) 
At copper electrode: Cu** +2e7 —=—=Cu,,,_ (reduction) 


a 
Hy.) +Cu = =F” +Cuis) 


Hence potential of copper electrode will have positive sign. 


. 0 _ 
That is, E cut ce = 0.337 volts 
y The electrode potential is given negative sign, if the electrode reaction 


involves oxidation, when connected with SHE. For example, when zinc 
electrode is connected with SHE oxidation occurs at the zinc electrode. 


Zn) +2H* == Zn** + Hy) 


Hence the electrode potential of Zn|Zn?* electrode will be negative and is 
equal to -0.763 volt. The values of oxidation electrode potential and reduction 
electrode potential are numerically equal but opposite in sign. 


An arrangement of electrode systems in order of increasing standard 
electrode potential (reduction potential) is given in Table 10.2. This is known as 
standard reduction electrode potential series. In some books, standard oxidation 
potential series is followed. These series are called electrochemical series. 


_The magnitude of the standard electrode potential is a measure of the 
tendency for reduction to occur. The reduced form of a half cell higher up in the series 
has a greater tendency to donate electrons and be oxidized than the reduced form of 
the half cell which is below it in the series. Similarly, the oxidized form. of the half 
cell lower in the series has a greater tendency to accept electrons and be reduced 
than the oxidized form of the half cell which is above it in the series. ; 
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Table 10.2. standard reduction potentials measured at 25°C 


nia 


F,(g) +2 —=2F (aq) + 2.87 
pbO,(s) +804" (aq) + 4H* (aq) + 2e7 == PbSO, (s)+2H,0 + 1.69 
F +1.63 
9HOCI(aq) + 2H* (aq) +2e° == Cl, (g)+2H,0 1.6 
is +1.49 
MnO; (aq) + 8H* (aq) + Se” == Mn** (aq) + 4H0 
. +1.46 
PbO, (s) + 4H" (aq) + 2e” ===> Pb”* (aq) +2H,0 
- +1.44 
BrO3 (aq) + 6H* (aq) + 6e” == Br (aq) +3H,0 
; +1.42 
Au** (aq) +3e == Au(s) 
- +1.36 
Cl,(g) +2” === 2 (aq) 
; —_ +1.23 
0,(g)+4H* (aq) + 4e° === 2H,0 
; +1.07 
Bry(aq)+2e == 2Br (aq) 
+0.96 
NO} (aq) + 4H + (aq) +3e == NO(g)+ 2H,0 
_— +0.80 
Ag* (aq)+@ === Aa(s) 
2 +0.77 
Fe?* (aq) +e” === Fe** (aq) 
+0.54 
1,(s)+2e° —— 2 (aq) 
- +0.49 
NiO, (aq) +2H,0 + 2e” == Ni(OH);(s) +20H (aq) 
+0.34 
Cu2* (aq) + 2e7 === Cu(s) 
a O +0.17 
$03" (aq) +4H* (aq) + 2e” => HySO3(aq) + Hp 
0.00 
2H* (aq) +2e" —=— H(g) . 
-0.14 
Sn?* (aq) +2e7 —=—= Sn(s) 
Ni?* (aq) +2e” = Ni(s) -0.25 
Co (aq) +2e” == Co(s) -0.28 
POSO, (s)+2e” == Pb(s) ++SO4 (aq) 0.36 
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Half-Reaction 


Cd?* (aq) + 2e7 === Cd(s) 


Fe** (aq) + 2e7 === Fe(s) 


Cr*+ (aq) +3e" === Cr(s) 


Zn** (aq) + 2e” == Zn(s) 


2H,0+2e7 =—H(g)+20H (aq) 


A+ (aq) + 3e7 === Als) 


Mg** (aq) +2e” === Mg(s) 


Na*(aq)+e == Na(s) 


Ca** (aq) + 2e” ——=Ca(s) 


K* (aq) te —=—K(s) 


Lit (aq) +e == Li(s) 


Since a substance that is reduced is an oxidizing agent, the substances 
the left of the double arrows are all oxidizing agents. The best oxidizing. 
le (e.g., F2). When one half-reaction occurs as a 
reduction, another must occur as an oxidation. Substances that are oxidized are 
reducing agents. reucing agents are located to the right of the double arrows and the 
best reducing agents are those found at the bottom of the table (e.g., Li). 


located to 
agents are those at the top of the tab 


10.8. CELL POTENTIAL (Eceii) 

The electromotive force (emf) or voltage across the electrodes of a galvanic 
cell can be attributed to the difference in the tendencies of the two half-cells to 
undergo reduction. Voltage or emf can be thought of as the force with which an 
electric current is pushed through a wire. It is measured in terms of an electrical unit 
called the volt (V). Strictly speaking 1 voltage is a measure of the amount of energy 
that can be delivered by a Coulomb of electrical charge as it passes through a circutt. 
A current flowing under an emf of 1 volt can deliver 1 joule of energy per Coulomb. 


1V=1d/C . (10.1) 


The maximum emf of a galvanic cell is called the cell potential (Eceu). It is 
measured with a device that draws negligible current during the measurement. Ce 
potential depends on the composition of the electrodes and the concentration of the 


ions in each of half-cells. For reference purpose, the standard cell potential (E¢eu) is 


the potential of the cell when all the ion concentrations are 1.00 M, temperature is 
25°C, and any gases that are involved in the cell reaction are at a pressure of | atm. 
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Electrochemical Colls 


Cell potentials are rarely large than a few volts. For example, the standard cell 
otential for the galvanic cell constructed from silver and copper electrodes 18 only 
0.46V and one cell in an automobile battery produces about 2V. 


We know that the measured overall cell potential arises from, competition 
| tendency to 


n two half-cells for electrons. Each half-cell reaction has a natura 
d by its reduction potentia 


°C, concentrations are 1 


betwee 
roceed as reduction, the magnitude of which is expresse 


or standard reduction potential when the temperature is 25 

M and pressure is 1 atm. When two half-cells are connected, the one with larger 
reduction potential the one with the greater tendency to undergo reduction-acquires 
electrons from the half-cell with the lower reduction potential, which is therefore 
forced to undergo oxidation. The measured cell potential actually represents the 
magnitude of the difference between the reduction potential one of half-cell and 
reduction potential of the other. In general. 


4 stan dard reduction Stan dard reduction (10.2) 
Ecet! =| potential of the = |- potential of the : 
subs tan ce reduced subs tan ce oxidized 


Let us look at the silver-copper cell. From the cell reaction. 
2A8 (aq) +Cuis) —_ Cuan) +2A8(s) 


one can see that the silver ion is reduced and copper is oxidized. If we 


compare the two possible reduction half-reactions. 


AQ(aq) +e — As) 


2+ - 
CU(aq) +2e —— > Cus) 


The one for Ag* must have a greater tendency to proceed than one for the 
Cu2+, because it is the silver ion that is actually reduced. This means that the 
standard reduction potential of Agt must be larger than the standard reduction 
potential of Cu?*. Therefore the standard cell potential of Ag-Cu cell is given as 


0 _po 0 
E cell = E ast ~~ Boy? 


e is no way to measure the standard reduction potential of 
ure is the difference that is produced when two 
half-cells are connected. Therefore, to assign values to various standard reaction 
potentials, a reference electrode has been arbitrarily chosen and its standard 
reduction potential has been assigned a value of 0.00 V. The reference electrode is 


called standard hydrogen electrode (SHE) discussed is the previous section. 
Example 10.1. The standard cell potential of a Ag-Cu galvanic cell has a value of 
0.64 V. The cell reaction is . 


Unfortunately ther 
an isolated half-cell. All we can meas 


2A8 (aq) + Cus) —> 2A8(s) + Cugs) 


‘ : + 0 : : 
The reduction potential of Cu, E° 2. is 0.34 V. What is the value of E° 
Ag* ’ 


uction potential of Ag”? 
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Solution: he 


The substance which is reduced is Agt, which means that Cu is oxidized. 


0 _,0 0 
E cell = E gt Ee 


0.46V =E° , -0.34V 
Ag 
Oe 
Eqgt = 0-46+0.34 


= 0.80 V 


Example 10.2. What would be the cell reaction and standard cell ee of a 
galvanic’cell employing the following half-reactions? 


3 as 
Al(ag) = 3€° == Als) E? 3+ = —1.66v 
2 . 0 . 
Cu(aq) +2e Cus) Foyt = 0.34v 


Which half-cell would be anode? 


Solution: 
In the above reactions Cu2+ is reduced cell Al?* is oxidized. The overall cell 


reactions an given as 


3[ Cafes) +20 Cu) |3 
3 = 
2[ Al) —>Alfeg +3" | 


3CuCza) +2Al,) —>3 Cus) + Alaa) 


The anode in the cell is aluminum, because oxidation takes place at this 


electrode. 
Eee = E22 — Es 
= 0.34V — (-1.66V) 
= 2.00V 


Example. 10.3. Determine wither the following reactions are spontaneous as 
written. If they are not give the reaction that is spontaneous. 


: : 2+ 
(i) Cus) + 2H (aq) —— CUfaq) + Hs) 


ae - A 2 
(ii) 3Cus) + 2NO3aq) + Hosa) — 3Cuaa) +2NOvg) +4H,0 
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Solution 
(i) The half-cell reactions involved in this reaction are 


Cur.) —> Cus) + 2e- 
+ - 
The H* is reduced and Cu is oxitized. Therefore 
0 0 
Ecu = Ey = EA at 
(0.00V) — (0.34V) 


=-0.34V 
is not 


The calculated cell potential is negative and therefore reaction (i) 1 
spontaneous. The spontaneous reaction is 


I 


5 
Hays) + CUfaq) —> Cus)»+2H(aa) 
(ii) The half-reactions involved are 


2 i 
Cus) —> Cura) +2e 
NO¥¢aq) + 4H faq) +3” —?NO¢ +2420 
The Cu is oxidized while NO3 is reduced. 


Bia = = Eos 5 Egy 


= (0.96V) - (0.34V) 
= 0.62V 
Since the calculated cell potential is positive, 
the forward direction. 
HEMICAL CONVENTIONS AND NOTATIONS 


present 2 cell the usual convention is to write the electrode 


ich reduction (M” +e <M’) occurs on the 
h reduction potential E1) at which oxidation 
The cell is obtained by combining the 


the reaction is spontaneous in 


10.9. ELECTROC 


In order to re 
(with reduction potential Ex) at wh 
right hand side and electrode (wit 
(M=== Mt +e") occurs on the left hand side. 
two half cell and is denoted as 

M | Mt Nl M't | M! 

In this symbolism the single vertical line indicates a phase boundary and the 

two vertical lines denote that the solutions are connected by a salt bridge eliminating 


the liquid junction potential. In this conventional representation the activities of the 
species must also be specified and the cell should be written as 
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M|M* (ay) [| M’* (ayy) | M’ 
The overall cell reaction is the algebraic sum of the reactions taking place at 


each electrode. 


Reaction at the right electrode: M'* +¢° ===M' 


Reaction at the left electrode: M=——=M‘ +e 


Cell reaction is M’t +M=—==M'+M~ 
The emf of the cell is obtained by subtracting the electrode potential of the 


left hand electrode from that of right hand electrode, e.g., 
Ecen + Er - Ey (10.3) 


In the standard state, the activity of each species is unity, hence Eq. 10.3 


gives the standard potential of the cell. 
Eten = Ep - EL (10.4) 

For the above cell, emf is positive if ES is greater than E?. The cell reaction 

is spontaneous and the electron flows through the external circuit from left hand 

electrode to the right hand electrode. Conversely. If E2ey is negative, the cell as 


denoted will not operate spontaneously, instead the cell reaction would now occur in 
the opposite direction viz. from right to left hand side. However if the concentration 


of the electrolytes are so adjusted that Ec. is zero, then there is no tendency for the 
reaction to occur from left to right or vice versa. The cell is in a state of equilibrium. 


Example 10.4. What is the cell reaction and cell emf at 298K of the cell? 
Zn | Zn2*(a = 1)|| Pb?* (a =1)| Pb 


; 0 = 0 — 
Give E = -0.762V and E pp? /Pb) = 0.126V 


Zn** /Zn 
Solution: 
The cell reactions are: 
Left hand electrode oxidation: Zn == Zn** (a =1)+2e7 
Right hand electrode reduction: Pb?*(a=1)+2e° == Pb 


Overall cell reaction: Zn + Pb?* (a = 1) === Zn** (a = 1) + Pb 


0 0 
Eee = ER - EL 


= -0.126 + 0.762 
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10.10. THERMODYNAMIC ASPECTS OF CELL POTENTIAL 


(a) Free Energy and EMF of a Cell Reaction 


In a reversible e : P ; 
lectrochemical cell if an infinitesimal amount of current 18 


drawn from or allowed to pass through the cell, the reversible electrical work at 


nt temperature and pressure is maximum and is equal to the product of 


consta 
ts of reactants are converte 


voltage and quantity of electricity. If in a cell n equivalen 
into the products, then the quantity of electricity that flows through the cell is nF, 


F is the Faraday constant and is equal to 96500 coulombs per equivalent. if 


rhere 
f E volts, the amount of 


this amount of charge is transported through th 
ctrical work done by the cell is gh the cell of em 


Net electrical work = nFE (10.5) 


_ Since cell is reversible, this work represents maximum work and since 
electrical work does not involve mechanical work resulting from volume change, it 
may be taken as equal to change in free energy (AF) accompanying the cell reaction. 


ele 


Decrease in free energy = Electrical work done 
—AF = nFE 


AF =-nFE (10.6) 


or 
change and emf of 


This equation gives the relationship between free energy 


cell. 


The criteria of spontaneity of a cell reaction in terms of AF or E are given in 


Table 10.3. 
Table 10.3. Criteria of Spontaneit 


Reaction Magnitude of AF Magnitude of E 
ee 


g with standard cell potential (E 


y in Terms of AF and E 


Equilibrium 


If we are dealin re) we can calculate the 


standard free energy change (AF°) 
AF°= -nFE° (10.7) 


_ Equation (10.7) is the bridge betwe 


and is very useful to calculate the free energy ¢ 
by measuring the cell potential. A reaction can proceed spontaneously at constant 
temperature and pressure if AF is negative and this can happens only if E is positive, 
i.e., the reaction proceeds in the forward direction. If AF is positive and E is negative, 
the reaction will be non-spontaneous, i.e., it will occur in the reverse direction. If both 


AF are E and zero, this the reaction is at equilibrium. 
Example 10.5. calculate AF? for the following reactior given that its standard cell 


potential is 0.320V at 25°C. 


en electrochemistry and thermodynamics 
hange in a chemical reaction simply 
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Solution: 


NiO, +2Cl” + 4H* —Cl, +Ni?* +2H,O 
Since two CI” ions are oxidized to Cle, two electrons are transferred. 
AF°=—nFE° 
= —2 x 96500 x 320 
= - 61,800J 
=- 61.8 kJ 


(b) Cell potential and Equilibrium Constant 


One of the most useful applications of electrochemistry is the determination 
of equilibrium constants. We know that 


“AF°=-RIn Ke (10.8) 
According to Eq. (10.7) we also know that 
AF°= —nFE° 


Therefore, E° and equilibrium constant are also related. Equalizing the 
R.H.S. of the above two equations. 


—-nFE°=—-RTIn Kc 


RT In Ke 
nF 


ae log Ke (10.9) 
a . 


At 25°C, all the constant, can be combined to give 


E°= 


or E°= 


0.0592 log Kc (10.10) 
a 


The constant 0.0592 has the units joule, divided by coulombs which is volts, n 
is the number of moles of electron transferred during the cell reaction. 


E°= 


Example 10.6. Calculate Kc for the reaction in example 10.5. 


Solution: 
The reaction had E° = 0.320V and n= 2 
po 0.0592 55K 
n 
0:0592 


0:320= — los Ke 


2x 0.320 
0.0592 


log Ke = =10.8 
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<n 
Taking the antilog give 
Ke = 6x 1010 
(c) Relation between Cell potential and Entropy 
According to thermodynamics, F,H and S are inter-related as follows: 
F=H-TS 
Where F = Gibbs free energy | 
H = Enthalpy 
S = Entropy 
T = Temperature 
For a given change at constant temperature, the equation becomes 
AF=AH-TAS 
or AF - AH =-TAS (10.11) 
According to Gibbs Helmholtz equation 


AF = AH+ (22) 


or AF-AH = (2 | 
ar )p 
Comparing Eqs. 10.11 and 10.12, we get 


-TAS = (2) | 
P | 


(10.12) 


oT 


F 
or s=-(20) (10.13) 


Bur we know that AF =- nFE. 

ting the value of AF into Eq. 10.13, we have 

4 (10.14) 
P ' 


= nF| — 
AS uf 


Substitu 


Equation 10.14 gives the relation between entropy change and cell potential. 


According to Gibbs-Helmholtz Equation 


2100) 
éT }, 


(d) Relation between cell potential and Enthalpy. 
AF = AH+ rf 
| 
| 


But AF = -nFE 
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Substituting the value of AF, we get 
-nFE = AH+T O(-nFE) 
OT . 


—nFE = AH -arr{ 
OT 
p 
or AH = ort) -nFE 
OT ‘ 


or aH =nF| | ZE -E 
OT 0 


The quantity (=) is the temperature coefficient of the cell. Eq. (10.15) 
p 


ge) form the measured emf 


(10.15) 


permits the calculation of heat of reaction (enthalpy chan 


of the cell provided the temperature coefficient of the cell is known. 
standard cadmium cell is 


Example 10.7. The measured cell potential (emf) of a 
0-°V K-!. Calculate 


1.01832V at 298K. The temperature conflict of the cell is —5.0x 1 
AF, AH and AS for the reaction. 


Solution: 
n = 2 equivalents per mole 


F = 96500 coulombs 
E = 1.01832 V 


. (9E) ~_50x10°5V K7! 
éT )p 


AF = -nFE 
= —(2) x (96500) x (1.01832) 


= ~196.535 kJ mol! 
AS =nF (=) 
aT}, 
= (2) x (96500) x (-5.0 x 107°) 
= -0.65 JK7 mI"! 


AH = nF| T BE ret 
6T }p 
= 2x 96500 [298x (-5.0x 107°) - 1.01832] = -199.388 kJ mol:! 
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Electrochemical Cells 


|, THERMODYNAMICS OF EL ; 
EQUATION ECTRODE POTENTIAL - NERNST 


The electrode potential and the emf of a cell depend on the nature of the 
electrode temperature and the activities of the ions in the solution. The variation 0 
electrode and cell potentials with the activities of the ions in solution can be obtained 
from thermodynamic considerations. For a general reaction such as 


10.1 


aA +bB=——/L+mM 


Occurring in the cell, the Gibbs free energy change is given by the equation 


|! om 
ALM (10.16) 


atab 


AF = AF°+ RT In 


ts and products under a given 


hange for the reaction 1n the 
oducts are unity. On 


Where ‘a’ s represent the activities of reactan 
set of conditions and AF® refers to the free energy ¢ 
standard state, 1¢., when the activities of reactants and pr 
substituting the value of AF = -nFE and AF°=-nFE° in equation (10.16), we get 

alam 
_nFE = -nFE°+ RT In—-—# 
a’ ab 


Dividing the above equation throughout by —nF, we get 


] om 
gupta Dp Se (10.17) 
nF = ay.an 


ation and gives the dependence of 
f the reactants and products. The 
ell and is the cell potential when 
E’ is constant and characteristics 


s known as Nernst equ 


electrode or cell potential in terms of activities 0 
quantity E° is known as the standard emf of the c 
the activities are all unity. At a given temperature, 
of the electrode or the cell. At 298 K, equation (10.17) reduces to 


> (8.3 14)(298) (2.303) tte Ke 


= n(96500) 


Be Boo og Ke | (10.18) 
n 


Equation 10.17 i 


or 


f copper-silver cell of Ag* concentration is 


Example 10.8. What is the potential o 
-4M. The standard potential of the cell 


1.0x 103 M and Cu2* concentration is 1.0x 10 
is 0.46V and the cell reaction is 


2Ag* (aq) +Cu(s) —?2Ag(s) + Cu” (aa) 


Solution 


According to Nernst equation, 
flven as 


the equilibrium constant of this reaction is 
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0.0592 1.0x10~7 


E =0.46-————_log ———_> 
7 (10x10) 


E = 0,46 - 0.0296 log (1.0107) 
E = 0.46 — 0.0296 (2.00) 


E = 0.46 — 0.0592 
E=0.40 V 
10.12. CONCENTRATION CELLS 
produced due to physical transfer of 


The cells in which the electrical energy is 
material from one concentration to another, are ca 
or 
The cells in which emf is produced due to decrease in free energy 
accompanying the physical transfer of material from one part of the cell to another 
part are called concentration cells. The difference in concentration may be in the 
electrode material or the electrolyte. On this basis, the concentration cells are of two 


lled concentration cells. 


types. 
(i) Electrode concentration cells 
(ii) Electrolyte concentration cells 
ntration Cells: The concentration cells in which electrode of 
are dipped in the solution of the 


(i) Electrode Conce 
same material, having different concentrations, 


same electrolyte, are called electrode concentration cells. These may be of two types: 


Cells with Amalgam Electrodes: 
In these cells, the concentration of electrode materials can be varied taking 


their amalgams, i.e., solution of metal electrode in mercury. For example, 


Zn —Hg | ZnSO, | Zn - Hg 


ai a2 


In order to get different concentrations of two electrodes,, 
different activities. When the cell operates, 


zinc metal is 
zinc 18 


dissolved in mercury with 
converted into zinc ions at left hand electrode. 


Zn(a,)——> Zn?* +2e7 


and emf is given by 


Scanned with CamScanner 


www.pdfgrip.com 


Electrochemical Cells 763 


RT. 4o 24 
? n ant (10.19) 


Similarly, zinc ions are converted into zinc metal at right hand electrode, 1.€., 


Zn?* +2e7 —>Zn(ay) 


and emf is given as 


pe” (10.20) 


In this cell, the net process is 


Zn(a;) = Zn(a>) 


and the total emf is given by 
E=Ei + Ez . 

Substituting the values of Ei and Ez 
£q(10.2 1), we get 


(10.21) 


from Eqs. (10. 


RT ia ay 


RT RT 
2F a 


a, 2+ 
E=Eyp <7 a + Elz - 
] 


Zn2* 


When ES, = a 


Zn2* 
ga ois 2 
2F aq 
pal, & (10.22) 
2F ay 


From equation (10.22), it 
the activity ratio of the two amalgams an 
the solution. 


Cells with Gaseous Electrodes: 


In these cells the electrod 
different partial pressures and bein 
of this is a cell in which two. 
dipped in the solution of H* ions of activity 4... 


H,(Pt) | Solution of H* ions| H,(Pt) 
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follows that the emf of the cell is dependent upon 
d not at all on the activity of Zn2* ions in 


es are made up of gas material maintained at 
g dipped in the solution of gas ions. An example, 
hydrogen electrodes at partial pressures P: and Pe are 


When the cell operates, the oxidation will take place at the negative electrode 
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l 
3 Hah) =H" +e 


and emf of the cell may be given as 


ee (10.23) 


But Ey, =0, and n = 1, therefore, equation (10.23) becomes as 


a+ 
E, --= ‘i i (10.24) 
: P, 


1 
Similarly, the cell reaction taking place at positive electrode in represented ag. 


J 
H" +e ==> Ha (Py) 


and emf may be given as 


1/2 
E, = aE ig - (10.25) 
F auH+ 
The net process in this cell is 
E=Ei + Ee (10.26) 
Substituting the values of E: and Ez into eq. (10.26), we get 
re 1/2 
es ee 
RT p 1/2 
E=-— In 4] 
P, 
sinh Pee (10.27) 
2F |P 


From equation (10.27), it follows that the emf of this cell depends upon the 
partial pressure of hydrogen and is independent of the activity of the solution 


containing H* ions. 

(ii) Electrolyte Concentration Cells: The cells in which the two electrodes are of 
same material and dipped in two solutions of the same electrolyte, though of different 
concentrations, are called electrolyte concentration cells. The two solutions may be in 
actual contact or not. Depending on this we have two types of electrolyte 


concentration ¢ells. 
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Concentration Cells without Transport 


The concentration cells, in which the two electrolyte solutions are not in 
direct contact and the transfer of ions from one electrolyte solution to the other does 
not take place directly, is called concentration cell without transport or transference 
& liquid junction. The emf arises from difference in concentrations of electrolyte 


solutions. 
Let us consider one cell having the electrodes reversible with respect to H* 
and Cl as: 
He (1 atm.) HCl (a1) AgCl (s)| Ag - 


When the cell starts functioning, the hydrogen at the left hand electrode 
dissolves to form hydrogen ions, whereas from silver chloride, silver is deposited at 
the right hand electrode as represented by 


I 
gna (latm.) === H* +e7 


AgCl(s) + le” == Ag + CI” . 


The net cell reaction may be obtained by adding the above two half-cell 


reactions. 


5 Ho (1 atm.) + AgCIs)—HCl(a) + Agts) 


As H* ions are formed in hydrochloric acid solution activity, then emf of the 
cell may be taken as 
E, =-E° a Inq | (10.28) 
Let us consider the cell with different activities of HCl. This is represented by 
He (1 atm.) | HCl (a2) AgCl(s) | Ag 


As proved earlier, the net reaction occurring in the cell is 


oH (1 atm.) + AgCI(s)=*HCI(a) + Ag(s) 


The emf for this cell is 


RT 
E,= aay In ay (10.29) 


Now connect the two cells containing HCI of activities a, and ay with emf's Ei 
and E2 in opposition. The resulting cell will be 
He (1 atm.) | HCl (a1), AgCl(s)| Ag | AgCl(s), HCl (az) | He (1 atm.) 


— Since both the simple cells are combined oppositely, the overall cell reaction 
18 concentrati ithout tra rt wil i 
reaction. That 1 ion cell wit on ransport will be the difference of above cell 
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sia (1 atm.) + ApCl(s)==—=Ag(S) +HCl (a) 


; H, (1 atm.) + AgC I(s) === Ag(s) + HCI (a2) 
— 
Substracting 0+0=—== HCI(a,) — HCI(a2) 
or HCl(a,) == HCI(q, ) 


Now the emf of the cell is 


E=Ei-E2 
E -(E, In a |-(e a, | 
F F 
fy ey (10.30) 
F ay 


there occurs a transfer of electrolyte from concentrated to dilute 


As a2 > Qi, 
m equation (10.30) 


solution which follows fro 


Concentration Cells with Transport 


The cells in which two solutio 


different concentrations are in direct con 


either ions of the electrolyte are placed i 
cells with transport or with liquid junction. 
at the interface of two solutions is taken into account. 


ns containing the same electrolyte but at 
tact and the identical electrode reversible to 
n these solutions are called concentration 
In these cells the liquid junction potential 


The typical concentration cell with transport is 


Pt, (1 atm.)| HCI(q,) i? HCI(ap)| Hp (1 atm.), Pt 

In the above cell the two solutions of HCl are in contact with each other and 

thus there is a direct transfer of HCl from the more concentrated solution (a2) to the 
less concentrated solution (a1). In general, whenever two solutions of the electrolyte 
of two concentrations are placed together and the electrode reversible with respect to 
one of the ions of the electrolyte is kept is each solution, then a concentration cel 
with transport is obtained. In the above cell, the double dotted lines represent the 
liquid junction potential the electrode reactions for each faraday of electricity drawn 


from the cell are: 


Left electrode (oxidation): ; i H*(a,)+e- 


Right electrode (reduction): H*(a))+e" =F H> 


Overall cell reaction is given by adding the above two equation. 


Pte ta (10.31) 
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Hen, — current flows, the H* ions generated at the left electrode are 
consumed at the right electrode. Since the solutions ore in direct contact with eac 
other, the 1ons (H* and Cl‘) are free to move from one solution to the other with the 
flow of current in the cell. This current in the cell is composed, of course, not of free 
electrons but of negative chloride ions (Cl). Moving from right to left and positive 
ions (H+) moving across the liquid junction from left to right. 

+ and CI ions respectively. 


ll, the te faraday is carried 
lution of activity a 60 


Suppose te and ta are the transport numbers of H 
for the passage of one faraday of electricity through the ce 
py te gram ion of hydrogen from left to right, i.e., from the so 


a9. Thus we-can write 


te. H* (a1) = te. H* (a2) (10.32) 
As te + ta=lorte=1-ta 
+. (1—ta) H* i) = 1 - ta) H* (a2) 


ill be carried by ta g of chloride ion fro 
an write 


(10.33) 


Also ta faraday of electricity w m right 


to left, i.e., from the solution of activity a, to a), thus we c 


t, Cl (@)=ta Cl" (a). (10.34) 
Therefore in order to obtain the net transfer. of material, we must add 


31) (10.33) and (10.34) 


equations (10. 
)+t,-Cl (a) = H*(a,)+(1-t,)-H™ 


H*(a)+(1 -t, )H* (a, (ay) +t,-Cl (a) 


but tat te=1, *, te=1—ta 


~t,.H*(a)+ta-Cl (a) = HY (a) +H" (ay) ta: H* (aa) + ta-Cl (4) 


H* (ay) + H* (a) 
-t,.H* (ay) + ty-C (a2) = 4, H*(a))+t,- Cl (a). 


ty H* (ap) + ty-Cl (a2) = ty H*(a))+te Cl (a) 


t, [H* (a) +Cl (2) = ¢,[H*(m)+Cl (@)l 


= ta. HCl (a1) . (10.35) 


uivalents of HCl are transferred from 
ssage of any faraday of 


ta. HCl (a2) 


Equation (10.35) shows that ta ed 
solution of activity az to solution of activity a1 for the pa 


electricity. 
The emf of the complete ce 
E=E1- Ez 


ar 
E [ie In at |-(E In a | 


ll is given by 
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a R f 
E= mi In ay" a In a; 


F 


- 


“F ay 
E=-t, Liye & 
if ay 
Bet, oh ty | (10.36) 
F a 


Thus is such cell the emf of the cell depends upon the transference number of 
the ions other than to which the electrode is reversible. Such cells therefore, provide 
very convenient means of determining the transference number of the ions other 
than the one to which the electrodes are reversible, through the emf measurements. 


10.13. LIQUID JUNCTION POTENTIAL 


When two electrolytic solutions of different concentrations are brought in 
contact with one another, a potential difference develops at the junction of two 
solutions. This potential difference is called liquid junction potential or diffusion 


potential, 
When two salt solutions of different concentrations are placed in contact with 
one another, the ions from the concentrated solution will tend to diffuse into the 
dilute one. The rate of diffusion of each ion is approximately proportional to the speed 
of the ions in the electric field. The liquid junction potential arises mainly due to 
unequal rates of diffusion of ions across in migration velocities of ions. Let us 
consider a cell where two hydrogen electrodes are dipped in two solutions of HC] at 


different concentrations. 
PE Hy)| HCl (a) HCI(a>)| Hy,)Pt (a >a») 
I II 
There will be diffusion of electrolyte from solution of higher concentration to 
that of lower concentration. Because different ions have different velocities, they tend 
to diffuse across the boundary (junction) at different speeds. Both H+ and CI ions 
diffuse from concentrated solution to dilute solution. The ionic velocity of H* ions is 


greater than that of Cl’. So H* ions will diffuse more rapidly from a; to az. The dilute 
solution in II compartment will thus become more positively charged with respect to 
solution in I. As a result of this, concentrated solution (I) is left with excess of Cl ions 
and thus acquires negative charge. Hence, an electrical double layer of tive and =ive 
charges is formed at the junction of two solutions and a potential difference '8 
developed at the junction. It is called liquid junction potential. Thus we can say that 


The liquid junction potential is due to difference is the velocity of ions. 


(i) 
(ii) 


The magnitude of liquid junction potential depends upon the relative speed of 
ions. 
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If two ions are moving wit 
potential. g with same speed, there will be no liquid junction 


(iii) 


The liquid junction potenti 
calculated. potential cannot be measured directly, but it can be 


- (iv) 


Determinations of Liquid Junction Potential 


quid j ; 

nie a pare potential can be calculated by considering the equations 

derive a concentration cell with and without transport. Let us 
consider the solutions of some uni-univalent electrolyte, i.e., KCl 


KCl (a1) = KCl (@2) 
Adopting the usual convention for the positive emf 
electrode is the source of electrons. If one faraday of electricity is 


cell, te g ion of cation (ie., K*) migrates from left to right and ta g 
right to left. If an assumption is made that the transference numb 
be independent of concentrations, then the free energy change for the passaé 
faraday of electricity can be calculated. 


that the left hand 
passed through the 


of anion (CI) from 
ers are assumed to 
e of one 


The free energy change for positive ion in the left compartment is given by 


AR, =t, RT In (a, )2 
(a,) 


and the free energy change for negative ion in the right compartment is as follows: 


AF, =t, RT In (a 
(a_)2 


The net change in free energy is given by 
AF = AF, + AF, 


(a_) 
— 10.37 
ts. (10.37) 


-junction potential, it means that the electric 


AF =t, RT In on +t, RT In 
+/1 


(a 
al work done is 


If Ey is the liquid 
nF. 
AF =—nEjF - (10.38) 
But n=1 
AF = -E,F 
E, =-AF/F (10.39) 


Substitution the value of AF from equation (10.37), we get 


By aut, BF jn v2 -t RT 5 oh. 
CF (ay FO Gb 


Scanned with CamScanner 


www.pdfgrip.com 


‘ 


770 Modern Physical Chemistry 4 


Si conafi ee Tallin cee ip (a = at+=a-) 
F a, F ay 
gy oy ey Sy EE ge (10.40) 
a, F ay 


Where ‘a’is the mean activity which is the same for both ions. 
We also know that 
ta=1—teandta+te=1 
So Eq. (10.40) becomes 
RT, a 


E, =-t,— In ~+(I-t <* in 
J a (I-t,) a 
E, =O, iy 924 BE ig Be 
F F 


a, a, 


By =(1~2t,) 9 @ (10.41) 
; F a ; 
From equation (10.41) it follows that the sign of liquid-liquid junction 
potential is dependent upon the relative values of transference number of cations 


and anions. 


Elimination of Liquid Junction Potential ~ 
The introduction of liquid-liquid junction potential interferes with the exact 
_ measurement of the potential difference and emf of the cell. It means that an attempt 
should be made: 
(i) to minimize or avoid the liquid-liquid junction potential. 
(ii) or the junction may be set up in a reproducible manner and potential is 
measured. 

In order to eliminate the liquid-liquid junction potential, a salt bridge is 
commonly employed. Salt bridge is a device .generally prepared from agar-agar 
solution containing some salts like KC], KNOs NH4Cl, NHaNOs etc. The salt is added’ 
to agar-agar solution to make it conducting. The salt bridge is miterponen between 
two electrodes of the cell as shown is Fig. 10.8. 


The above cell is represented as 


Zn | ZnSO, (aq) || CuSO, (aq) | Cu 
Salt bridge 
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Pi 


Zinc rode —> Copper rod 


Salt bridge 


ZnSO, 4 


solution cuSO, Solution 


Fig. 10.8. The Daniell cell containing the galt bridge 


The salt bridge is supposed to minimize or eliminate the liquid junction 


' potential. Exactly, how this reduction is accomplished is not quite clear, but it is 
supposed to be associated with the fact that two ions (K+ and Cl) in KCl or 
(NHj and NO;) in NH«NOs possess nearly equal speeds and these operate to yield 


junction potentials between two solutions of the cell and salt bridge. These potentials 
are opposite in sign and hence cancel each other. It is still more questionable whether 
there such bridge can reduce the junction potentials to a point where they are 
negligible, Neverthelees, effective or not, the fact remains that salt bridges have 


come in to existence. 


The second method involves the addition of indifferent electrolytes, at the 
e added substance has a 


same concentration to both sides of the cell. If th 

concentration greater than that of any other electrolyte, then the added salt carries 
almost the whole of the current across the junction between the two solutions. As the 
added salt is same on both sides of the boundary then the liquid 
ill be negligible. This method is not used these days because the 


ked effect on the activity of the substance in 


concentration of 
junction potential w 
indifferent electrolyte added has a mar 


solution. 
10.14 CONCEPT OF OVER-POTENTIAL 


Deviation from equilibrium potential is 
rand mathematically may be defined as 
i= E-Eeq 


Where E is the value of potential at 
electrochemical process while Eeq is the value of po 
over-potential are same as that of potential. 


called over-potential. It is denoted by 


any value of current during 
tential at zero current. Units of 


Current over-potential equation 


_ The relation between current and over-potential in an electrochemical system 
involving mass transfer controlled redox reaction is called current over-potential 
equation. Mathematically current-over potential equation for the reaction of the type 


O+ne =R 
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can be written as: 


jul Col nym Celt) enn 
C Ch (10.42) 


Where i represents current as a function of over-potential (n). C,(0,/) ig 


surface concentration of an electroactive specie ‘O’ at any time ‘t’ while ©o ig the bulk 
concentration of electroactive specie ‘O’ afd can be treated as a constant quantity, 


Cris the bulk concentration of specie ‘R’ while Cr(0,t) is surface concentration of ‘R’ 


at any time ‘t’. a is transfer co-efficient/ symmetry fsctor. It is dimensionlegg 
quantity. Its values range from 0 to 1. The n is number of electrons involved in 


. . ig, ie F : 
‘electrochemical reaction while f is constant equal to Rr where F is Faraday constant. 


Butler-Volmer equation 
Under limiting conditions where mass transfer is negligible, current. 
overpotential equation given in equation (10.42) can be transferred into another 


equation (10.43) which is known as Butler-Volmer equation. By putting C,(0,1)=C* 
and Cr (o,t)=Crin eq. 1, we get 
i=[eawn ia ghaivn) (10.43) 


Butler-Volmer equation is highly useful mathematical equation in 
electrochemistry. Special cases of Butler-Volmer equation and their significance has 


been in the following sections: 


(i) When value of n is very small 
When value of overpotential is very small then relation between current and 


over-potential becomes linear. Usually @* =!+x (when x is very small), Butler- 
Volmer equation can be written as: 


i=i[1-anfy-{1+(1-a)nfn} | 
i=i[l-afn-l-nfn+anfy] 


By simplifying above equation, we get 
i=1,(-nfn) 


By re-arranging above equation 
fe zal 2) 
i 
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‘A M pe ’ 
The ratio of over-potential to current can be considered as charge transfer 


resistance Ret. 


Hence 1 = ignfRey 
] 

Or Ret are IP 

ignf 


Since f=F/RT, So 


_ RT 
” i,nF 


The value of charge transfer resistance can be determined by using above 


equation. 
eed of 


It is kinetic parameter and can be u 
electrochemical reaction 


sed to estimate the sp 


(ii) When value of n is very large and negative 
en relation between 


gative th 
h condition, anodic 


When value of over-potential is very large and ne 
j and n does not remain linear but becomes logarithmic. Under suc 


component of the current becomes negligible i.e. 


a 


po(i-adnyn _ gh ales = 


= zero 


Volmer equation is converted into another equation which is known as 


Butler- 
n below 


Tafel’s equation (10.44) as give 
fag" 


By taking natural logarithm on both sides 


Ini=Ini, -anfn 


Inj=Ini se 
” RT 


garithmic into common logarithmic, we get 


By converting natural lo 


F 
2.303 logi = 2.30310 ; —-an— 
ogi Zlo nor! 


F 
logi=logi, -2"-ynapr 
gi= logis 2" > 503RT (10.44) 


tion of straight line in intercept form. The value of 
ion of a and i>. The value of transfer co- 
lot of logi vs n while to can be determined 


Equation (10.44) is equa 
logi against n can be used for determinat 
— can be determined from slope of p 
rom intercept of the same plot. 


Scanned with CamScanner 


www.pdfgrip.com 


“T= 


774 Modern Physical Chemistry 


ii- When value of n is large and positive 


Tafel’s equation with positive slope of logi vs n plot can be obtained by sie oy 
large and positive value of yn. Under large and positive value of over-potentiat : 
cathodic component of current becomes negligible. i.e al, 


ann l l 
OY ae eer tm ae SEED 
etl ow 


Ini = In|i,|+(l-a)nfn 


i=ayn2— 
Ini =In liol RT" 


(l-—@)nF 
; i, 
logi = log |g] 2.303RT (10.45) 


Equation (10.45) is also an equation of straight line in intercept form. The 
value of ic and that of a can be determined from intercept and slope of logi yg n 
respectively. 


Determination of symmetry factor 


The value of symmetry factor (a) can be determined using different 
approximation given in above sections. There are few others which can be used for 
determination of one of these methods of determination of a. This method does not 


involve any approximation. Butler-Volmer equation can be re-arranged in the 
following: - 


= ie" eon) 
i=], 


izi,e [1-2] 


i = -anfn 
i-e™" 1o€ 


-anfn_ _-anfn nf 
le = an A " 


By taking natural logarithmic on both sides 


i ; 
In 5] =In 1,7 (-anfn) 


feel — fe lates Oe | | 


Equation ‘(10.46) is called Allen and Hickling equation which is also 4 


straight-line equation. Slope of the plot lo : 7) vs n can be used for 
l-e 


‘determination of a. 
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0.16 VOLTAMMETRY 


Voltammetry 18 a group of electroanalytical techniques which deals with the 
interplay between electricity and chemistry, namely, the measurements of electrical 
yantities, such as-current, potential, or charge and their relationship to chemical 
arameters. Such use of electrical measurements for analytical purposes has found a 
vast range of applications, including environmental monitoring, industrial quality 
control, or biomedical analysis. In contrast to many chemical measurements, which 
involve homogeneous bulk solutions, electrochemical processes take place at the 
electrode-solution interface. The term voltammetry is derived from electrical 


ters/units, volt-am (pere)-metry. Voltammetry may be defined as “the stu dy of 
ed working electrode”. In other 


parame 
or of a polarizable 


current voltage relation at a micro electrode, call 
words, the technique is based upon the potential current behavi 
electrode in the solution being analyzed. According to the recommendation of JUPAC, 
voltammetry is the general term to be used when the current potential relationships 


being investigated. The surface area of voltammetry electrode is very ama 
duced by species 12 


(flowing through @ 
ctrode in 


are 
(0.0001 m2) which is helpful in providing response of current pro 


solutions. It is also important to clarify here that when mercury 
fine capillary seems to be emerging as a droplet) is used as a small ele 
voltammetric cell, the technique has a specific name, polarography. 


Basic principle of voltammetry 
nvolve the use of electricity either as an 
output signal. The principle of voltammetry technique is to generate an 
esponding output electrical signal. The 
f time whereas the output signals 


All the electrochemical techniques i 
input or 
input electrical signal and to measure corr 


input signals can be a preprogrammed function 0 
may change with time due to sample under investigation. The signals are typically 


voltage, current and charge where charge is the integration of current with time. The 
input electrical signals usually cause the electrochemical reactions at working and 
counter electrodes. Simply; a measured small potential is established across a pair of 
electrodes, one of which is a non-polarizable reference electrode and the other a 
polarizable inert electrode. The current which flows depends upon composition of the 


solution. 


Voltammogram 

A plot of current as a function o 
It is the electrochemical equivalent of 
quantitative and qualitative information a 
or reduction reaction 


f applied potential is called a Voltammogram. 
a spectrum in spectroscopy, providing 
bout the species involved in the oxidation 


O+ne om R 
where O and R are the oxidized and reduced forms, respectively, of the redox couple. 
Such a reaction will occur in a potential region that makes the electron transfer 
thermodynamically or kinetically favorable. For systems controlled by the laws of 
thermodynamics, the potential of the electrode can be used to establish the 
concentration of the electroactive species at the surface [Co(0,t) and Cr(0,t)] 
according to the Nernst equation. On the negative side of If°, the oxidized forin thy 
tends te he reduced, and the forward seaction G.u., sectetion) is more Fecumliee 1 : 
POVCLS Be Lak 


sive 
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current resulting from a change in oxidation state of the electroactive species jg 
termed the faradaic current because it obeys Faraday’s law (i.e., the reaction of Imo] 
of substance involves a change of n X 96,487C). The faradaic current is a direct 
measure of the rate of the redox reaction. 


The pathway of the electrode reaction can be quite complicated, and takes 
place in a sequence that involves several steps. The rate of such reactions is 
determined by the slowest step in the sequence. Simple reactions involve only mags 
transport of the electroactive species to the electrode surface, electron transfer acrogg 
the interface, and transport of the product back to the bulk solution. More complex 
reactions include additional chemical and surface processes that either precede or 
follow the actual electron transfer. The net rate of the reaction, and hence the 
measured current, may be limited by either mass transport of the reactant or the 
rate of electron transfer. The more sluggish process will be the rate-determining step, 
Whether a given reaction is controlled by mass transport or electron transfer ig 
usually determined by the type of compound being measured and by . various 
experimental conditions (electrode material, media, operating potential, mode of 


mass transport, time scale, etc.). 


Cyclic voltammetry 

One of the more complex electrochemical techniques, cyclic voltammetry is 
very frequently used because it offers a wealth of experimental information and 
insights into both the kinetic and thermodynamic details of many chemical systems, 
Cyclic voltammetry consists of scanning linearly the potential of a stationary working 
electrode (in an unstirred solution), using a triangular potential waveform (Figure 
10.2). Depending on the information sought, single or multiple cycles can be used. 
During the potential sweep, the potentiostat measures the current resulting from the 
applied potential. The resulting current—potential plot is termed a cyclic 
voltammogram. The cyclic voltammogram is a complicated, time-dependent function 


of a large number of physical and chemical parameters. 


Cyclic voltammetry is often the first experiment performed in an 
electroanalytical study. In particular, it offers a rapid location of redox potentials of 
the electroactive species, and convenient evaluation of the effect of media on the 
redox process. Figure 14.2 illustrates that only the oxidized form O is present 
initially. Thus, a negative-going potential scan is chosen for the first half-cycle, 
starting from a value where no reduction occurs. 


The characteristic peaks in the cycle voltammogram are caused by the 
formation’ of the diffusion layer near the electrode surface. These can be best 
understood by carefully examining the concentration-distance profiles during the 
potential scan. The most common experimental configuration for recording cyclic 
voltammogram consists of an electrochemical cell that has three electrodes, 1.¢. 
counter or auxiliary electrode (C), reference electrode (R), and working electrode (W), 
all immersed in a liquid and connected to a potentiostat. The potentiostat allows the 
potential difference between the reference and working electrode to be controlle 
with minimal interference from IR (ohmic) drop. In this configuration, the current 
flowing through the reference electrode also can be minimized thereby avoiding | 
polarization of the reference electrode and hence keeping the applied potentla | 
distribution between the working and reference electrade stable. Positioning the 
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reference electrode close to the working electrode further helps to minimize the IR 
drop between the reference and working electrode due to the caganeten ol Ae 
solution phase. 

Etnal 
i Reverse 
€ scan 
® 
oo 
[e) 
a. 
Enitial 
Switching 
potential 
Time 
Figure 10. 9. Potential—time excitation signal in a cyclic voltammetric experiment. 
s, which 


Reference electrode: Commonly used are aqueous Ag/AgCl or calomel half cell 
can be obtained commercially or easily prepared in the laboratory. 


Counter electrode: Non-reactive high surface area electrode, commonly platinum 


gauze. 


Working electrode: Most commonly used are inlaid disc electrodes (Pt, Au, graphite, 


glassy carbon, etc.) of well-defined area. Other geometries may be employed 
beneficially in appropriate circumstances (dropping or hanging mercury hemisphere, 


cylinder, band, arrays, or grid electrodes). 


Data Interpretation 


The cyclic voltamm 


Four of these observables, t 
basis for the diagnostics developed by Nicholson an 


voltammetric response. 


ogram is characterized by several important parameters. 
he two peak currents and two peak potentials, provide the 
d Shain for analyzing the cyclic 


Stripping voltammetry 

Stripping voltammetry 1s an extremely sensitive electrochemical technique 
for measuring trace metals. Its remarkable sensitivity is attributed to the 
combination of an effective pre-concentration step with advanced measurement 
procedures that generate an extremely favorable signal background ratio. Since the 
metals are pre-concentrated into the electrode by factors of 100-1000, detection 
limits are lowered by two to three orders of magnitude compared to solution-phase 
voltammetric measurements. Hence, four to six metals can be méasured 
simultaneously in various matrices at concentration levels down to 10-10 M 
utilizing relatively inexpensive instrumentation. The ability to obtain such fons 


a, 
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detection limits strongly depends on: the degree to which contamination can be 
minimized. Expertise in ultra-trace chemistry is required. 


Essentially, stripping analysis is a two-step technique. The first, or deposition 
step, involves the electrolytic deposition of a small portion of the metal iong jn 
solution into the mercury electrode to pre-concentrate the metals. This is followed by 
the stripping step (the measurement step), which involves the dissolution (stripping) 
of the deposit. Different versions of stripping analysis can be employed, depending on 
the nature of the deposition and measurement steps. 


10.16. FUEL CELLS 
Fuel cells are the electrochemical devices in which chemical energy of the fue] 
is directly converted into electrical energy. 
or 


Fuel cells are the electrochemical devices which convert the energy of fue] 
’ oxidation reactions into electrical energy. 


Theoretically the effectiveness of transforming chemical energy into electrical] 
energy through heat is very slow. For this reason, at the end of 19* century, 
scientists attempted to create devices for the direct conversion of chemical energy 
into electrical energy without the intervention of thermal devices such as generators 
turbines etc. This required the development of galvanic cells in which the reactions of 
oxidation of the fuel and reduction of the oxygen proceed electrochemically. The first 
fuel cell was constructed in 1839 by the British physicist and lawyer Sir William 
Robert Grove; it had platinum electrodes with hydrogen bubbled over one electrode 
and oxygen over the other. For many years little was done to develop fuel cells for 
commercial purposes, but since the 1960s there has been a considerable revival of 
interest in this problem, particularly in view of present energy shortages. Recent 
advances in technology and electrochemistry have made the scientists successful to 
introduce the fuel cell which are more efficient, than thermal source of electrical 
energy. Fuel cells have been used as sources of auxiliary power in space craft, and 
major research efforts are under-way to develop their use in automobiles in order to 
minimize air pollution and noise Fuel cells employ the same electrochemical 
principles as conventional cells. Their distinguishing feature is that the reacting 
substances are continuously ‘fed into the system, so, that fuel cells, unlike 
conventional cells, do not have to be discarded when the chemical are consumed. In 
fuel cells an attempt is made to make the fullest possible use of the free energy of 
reactions, such as combustion of fuels, to produce electrical energy. Processes are 
chosen which occur as nearly reversible as possible in order to obtain the maximum 
useful proportion of free energy change. The mode of operation of fuel cells is 
fundamentally different from that of batteries. While batteries store electrical energy 
fuel cells convert energy obtainable from chemical powers directly into electrical 


energy. 
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ginds of Fuel Cells 
pepending on the kind of fuel used, we have the following types of fuel cells: 
() Hydrogen-oxygen fuel cell. 
di) Hydrocarbon-oxygen fuel cell | 
Gi) Carbon monoxide-oxygen fuel cell 
(iv) Methy] alcohol-oxygen fuel cell 
(wv) Solid coal-oxygen fuel cell 
Hydrogen-OxyBen Fuel Cell 

This fuel cell consists of two electrodes made of porous graphite. Platinum is 
coated on the surface of the electrodes. The electrodes are placed in ena ei 


of NaOH or KOH. Hydrogen and oxygen are bubbled into the cell under a 7 
about 50 atm. When the electrodes are connected, a flow of electric current takes 


place. 
The electrode reactions are: 


_ Anode reaction: 

H, —>2H* +2¢7 

Ht +20H” —>2H20 
The net half-cell reaction is 


H, +20H™ _—>2H,0+2e" 


Cathode reaction: 


502 +H,0+2e° —> 20H” 


Now, the overall cell reaction is 


2H, (g) + O2(g) 22° (/) 


is found to be 1.23 volts. The cell reaction is the same as 
oxygen. The energy of the fuel oxidation has not been 
d into electrical energy. Fig. 10.9 


The emf of the cell 
combustion of He in air or 
liberated as heat but it has being directly converte 
gives a schematic diagram of such cell. 

For an efficient cell all processes must occur rapidly. Reactant must be able 

hat porous electrodes with large internal surface 


to reach the electrodes easily so t 
area, saturated with electrolyte, are used. Such cells are used in space crafts. The 


electrolyte used in these cells is an jon-exchange material and not a solution of NaOH 
or KOH. This ion-exchange material is used in the form of a membrane. This 


a allows easy flow of protons (H*) which react with O2 and electrons to form 
20. 
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Ammeter 


Perferated carbon 
electrodes 


Fig. 10.9 Hydrogen-Oxygen Fuel Cell. 


Efficiency of Fuel Cells 
The ability of a cell to convert chemical energy of a fuel-oxidation reaction 
into electrical energy is expressed in terms of efficiency of the cell (). It is defined as 


e= Or 100 (10.42) 
AH 


Where AH = Maximum available heat, when oxidation of fuel Occurs at 
constant temperature and pressure. 
AF = The part of this energy ie., part of AH, convertible into 
electrical energy 
The efficiency of different fuel cells is given as under:- 
1, He2-—Or fuel cell: AF ° = -273.2 kJ mole:! 
AH ° = -258.9 kJ mole"! 


< _ AF _ -273.2 x 100 ~ 330% 
AH -258.9 
2. Carbon Oz fuel cell: ¢ se UN = 124% 


AH -110.0 


_ AF _ -818.0kJ mole"! x100 
“AH ~890.4kJ mole 

= 92% 

_ AF _ -706,9 kJ mole™! x100 
AH ~764.0ki mole™ 


3. CH,-O> fuel cell: € 


4, CH30H-0> fuel cell: ¢ = 93% 
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guperiority of Fuel Cells 


i a os a high efficiency. By using certain kinds of fuel in such 
- . has heen Se wesaihte of chemical energy of the fuel into electrica 
energy made possible. In heat engines the efficiency does not exceed 


40 percent. 

The individual cells can be stacked and connected in series to generate 
voltage. 

They are also very light. 

The fuel cells do not create pollution problems. 


higher 


These cells play an important role in manned space flights. 


practical Success of Fuel Cells 
Owing to various technological and operational difficulties (such as increased 


ents of the purity of the fuel, the insufficient period of services, etc.), 


he economical advantages of the fuel cells even with their higher efficiency 


yequirem 
them for production of 


however t 
are still not clear. For this reason, the possibility of using 


electrical energy, instead of heat power plants, requires further study. If these 
problems could be solved, the fuel cell technology would bring revolution in the area 
of energy production. There is no doubt, however that for more limited purposes fuel 
cells will find broad applications in the nearest future (e.g., they have been 


successfully employed in the manned space flights.) 


7, CORROSION AND ITS PREVENTION 
as a result of electrochemical reaction 
1 oxides by an electrochemical reaction 


10.1 
Tue process of eating away of a metal 
is Called corrosion. It is the formation of meta 


is called corrosion. 


Types of corrosion 
nto atmospheric corrosion (Rusting), Immersed 


d (In pipes) depending upon place of corrosion. 
he presence of followings of an electrolyte, 


Corrosion can be classified 1 
corrosion (In water) and undergroun 
Corrosion is generally occurred in t 
electrodes (Cathode and Anode) and an oxidant. 


Theories of Corrosion 


There are different theories which explain in the process of corrosion acid 


theory and electrochemical theory are common theories of corrosion. Electrochemical 
theory of corrosion has been described here. According to this theory, corrosion is a 
result of an electrochemical reaction during corrosion process an electrochemical cell 
is formed and a redox reaction occurs within cell as explained below. 

n can be used to explain mechanism of corrosion 
Water droplet present iron metal can be treated 
node and impurity acts as cathode. 


— The process of rusting of iro 

; cording to electrochemical theory. 

Fo iL electrochemical cell in which iron acts as a 
wing reactions occurs in this cell. 
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Reaction at anode: (Iron) 


Oxidation takes place at this electrode; 


Fe — Fe** + 2e7 


2Fe > 2Fe*+ + 4e° 
Reaction at cathode: (Impurity) 


Reduction takes place at this electrode; 


2H,0 +0, +4e- +40H- 


Overall Reaction: 


2Fe + 2H,0 +0, 5 2Fe(OH), 
(Solid) 


2Fe(OH), + 0, > 2Fe,0,.H,0+ 2H,0 
Following methods are used to prevent corrosion. 
Coating 


Corrosion can be prevented by coating the material with corrosion resisting 
_ material like Noble metals , Polymeric material(Grafting) and painting etc. 


Al loy formation 


. Corrosion can also prevent by mixing two metal homogeneously. 
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Q.5. 


Q.6. 


Q.7. 


Ans. 


Q.8. 


(b) What are reversible and irreversible cells? Elaborate your answe 
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QUESTIONS 


(a) What are electrochemical cells? —" 
electrochemical cells in daily life lg the significance 


of 


(b) Explain the difference between electrolytic and galvanic cells with 


suitable examples. 
(a) Write a short note on Daniell cell. 


(b) Explain the difference between chemical and concentration cell. 


(a) What do you understand by half-cell reactions? Explain such types of 


reactions with suitable examples. 
r with 


suitable examples. - 
(a) Discuss the significance of electrodes in electrochemistry. 
(b) Explain various types of reversible electrodes. 
(a) What do you understand by electromotive force (emf) of a cell? How is it 
measured experimentally? 


(b) What is electrode potential? Explain oxidation and reduction potentials. 


(c) Briefly explain Nernst theory of electrode potential. 


(a) Explain the standard hydrogen electrode. 


(o) How is the electrode potential determined? 

tial? How is it determined? 

of Pb and PbO: with 
duction potentials in 


(a) What is standard cell poten 


was constructed using electrodes 


(b) A galvanic cell 
lyte. The half-cell reactions and re 


H2SOs. as electro 
the system are: 
PbO, (s) + 4H* +SOq (aq) +2” ——=PbSO,(s)+2H20 —_Epyo, =!.69V 


PbSO, (s) + 2e7 === Pb(s) + $0} (aq) EPiso, =-0-36V 
What is the cell reaction anil what is the standard potential of the cell? 
PbO, (s) + 4H* (aq) + S07" (aq)+2e — PbSO,(s) + 2H20 reduction 

Pb(s) +SO3- (aq) > PbSO,(s) + 2e" oxidation 


Net reaction PbO, (s)+4H* (aq) + Pb(s) + Pb(s) +2SO% (aq) > 2PbSO, + 2H20 


Bo. = 2.05V 
between free energy and cell potential. How 


(a) Derive the relationship 
feasibility of a reaction from cell potential 


would you predict the 
measurements. 
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(b) What spontaneous reaction will occur if Clz and Brz are added to a 


solution containing Cl and Br’? (Ans. Cl, +2Br—> Br, +2CI") 
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Using the Table 10.2, predict the reaction that will occur when Ni and Fe 


are added to a solution containing both Ni and Fe”* ions. 
(Ans. Ni2*(aq)+ Fe(s)——> Ni(s) + Fe** (aq) 


(c) 


Is it possible to measure the emf of an isolated cell? Explain your 


Q.9. (a) 


answer. 
(b) What do the positive and negative signs of reduction potentials tell us? 
(c) What is a galvanic cell? What is‘a half-cell. 
Q.10. (a) What is standard cell potential? How do the AS and AH are calculated 
from standard cell potential? ‘ 
(b) How is equilibrium content determined from cell potential? 
(c) From the position of half-cell reaction in table 10.2, determine whether 


the following reactions are spontaneous. 


(i) 3Fe?* +2NO+4H,0—»3Fe + 2NO} +8H* 
(ii) 3Ca+2Cr>* —> 2Cr+3Ca?* 

(iii) Br, +2Cl’ —>Cl, +Br- 

(iv) Ni?*+ + Fe —> Fe** + Ni 


(d) Using the data in table 10.2, calculate cell potential of the reaction. 


— 


Cd?* + Fe —»Cd + Fe”* 
Q.11. (a) Explain thermodynamics of single electrode potential. 
(b) Explain the effect of concentration of electrode potential. 
(c) What is Nernst equation? Discuss its significance. 


(d) What is the equation that relates the equilibrium constant to the 
standard cell potential. 


Q.12. (a) The following reaction 
2Agl+Sn=—=Sn** +2Ag +20 | . ; 
has ee standard cell potential -0.015V. What is the ile of Ke for this 
reaction. 
(b) Calculate the AF” for the following reaction as written 


2Br +1, —>2] +Br 


(c) Calculate Kc for the system, Ni?* + Co == Ni + Co? using the data in 
table 10.2. 
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Q.18. 


(a) 


(b) 
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W 
a ot cells? Explain the difference between 
ytic and galvanic cell with suitable examples. 


What are electrode concentration cells? How would you determine the 


emf of cells with amalgam electrodes? 


(c) 


Determine the emf of slemnenee concentration cell with gase 


ous 


electrodes. 


(a) 


What are electrolyte concentration cells? How would you calculate the 


emf of concentration cells with and without liquid junction. 


(b) 
(a) 
(b) 
(c) 


(a) 
(b) 
(c) 


What is salt bridge? Explain its significance in electrochemic 


What are fuel cells? Explain the working principle of a fuel cell. 


Write a detailed note on concentration cells with transport. 
What is liquid junction potential? How is produced? 
How liquid junction potential of a cell is determined? 


How is liquid junction potential eliminated. 


ical cells. 


How is the efficiency of a fuel cell determined? 


Discuss future prospectus of fuel cells. 


Justify/comment on the following statements. 


(i) 
(ii) 
(iii) 
(iv) 
(v) 
(vi) 
(vii) 
(viit) 
(ix) 
(x) 


Galvanic cells produce electrical energy 
Electrolytic cells utilize electrical energy 


Galvanic cell is a reversible cell. 


For reactive metals amalgam electrodes are used. 


Redox potential of standard hydrogen electrode is 0.00V. 


Oxidation potential is a measure of tendency to gain electron. 
If osmotic pressure is greater than the solution pressure then metal 


jonizes. 
Cell potential is used to determine feasibility of a reaction. 
Cell potential is used to determine equilibrium constant of a reaction. 


Salt bridge 1s used to eliminate liquid junction potential. 
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EMULSIONS AND GELS 


11.1 INTRODUCTION 


This chapter deals with the chemistry of non-homogenous two phase system, 
ie. gels and emulsions. Dispersed phase is liquid in both gels and emulsions. While, 
dispersion medium is liquid in emulsions and solid in gels. Research about 
prep gration methods and nature of these systems is a current research area in the 


world of science. 


Emulsions are liquid in liquid colloidal system. The size of droplets of 
dispersed phase, appearance and outlook of emulsion, type of emulsifier and physi 
state of dispersion medium are some tools which are used in this chapter to classify 
the emulsions. These multiple classification schemes are possible due to 
comprehensive information about characterization of emulsions. Techniques like 
magnetic resonance imaging, dynamic light scattering, fluorescence method and 
conductivity help to determine type of emulsions. Type of emulsion means to 
configure the nature of dispersed as well as dispersion medium. Sedimentation and 
ultracentrifugation methods are used to determine the size of droplets of dispersed 
phase. Stable emulsion cannot be successfully prepared without emulsifier. 
Concentration of this complementary component of emulsion is very important for a 
stable emulsion. Critical micelle concentration is that concentration of emulsifier at 
which micellization starts. Many methods like conductometry, solubility 
measurement and surface tensiometry which can help to determine critical micelle 
concentration have been discussed in this chapter. Factors related to micellization 
are also covered in this chapter along with thermodynamic study of micellization. 
Emulsion formation process is also governed by qualitative and quantitative theories 
which also determine factors related to stability of emulsions. Comprehensive 
discussion about stability and demulsification is also written here. Advanced and 
conventional preparative methods of emulsions and current applications of emulsions 
are also discussed here. In this way we tried to cover all aspects of emulsions to 


convey multidimensional study about emulsions to readers. 


The scope of present chapter deals with another colloidal system named gels. 

Gels have liquid as inner phase and solid ‘as outer phase. Systematic and multiple 
Classification of gels has been discussed in this chapter on basis of nature of 
dispersion medium, dispersed phase, crosslinkage and sensitivity of gels. Structure of 
gels and different preparation methods of gels are also written in this chapter. 
mpi swelling, deswelling and responsive properties of gels are also explained 
i . pplication of gels in drug delievery, glucose sensitivity, catalysis, coating 
Ap nanotechnology is also written here. Thus scope of current chapter is a 
in ne study about gels and emulsions. All the discussion of this chapter has 
aie on logical scientific basis along with suitable examples and pictorial 
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11.2 SURFACE TENSION 


Surface tension is one of the most important properties of liquid. It Plays a 
crucial role in stability of colloidal system especially in emulsification. Therefore isi 
this section we will briefly describe the basic idea of surface tension and interfacia} 
tension. 

The molecules of liquid present in bulk are attracted from all sides equally by 
other molecules of same liquid while molecules at interface are attracted right, left 
and down ward only. Forces acting left and right ward cancel the effect of each other. 
There is no significant force acting on surface of molecule vertically upward. 
Therefore a net force acts vertically downward which causes a tension in surface. 
This net force acting per unit length is called surface tension of liquid. The surface 
tension can be defined as “the force in Newton acting at right angle along the surface 
of a liquid one meter in length”. It is generally represented by ‘y’. Its SI units are 
N/m. Alternatively it is the work done per unit increase of surface area, 
Mathematically it can be written as 


dWadA 
dW = ydA . (11.1) 


Where dW is work, dA is the increase in surface area and proportionality 
constant ‘y’ is surface tension. By rearranging equation (11.1), we get ~ ‘ 


dA . 
Equation (11.2) can be used to find the units of y which are Jm? same as Nm-!. 


At constant. temperature and pressure the work of increasing the surface 
area contributes to the differential Gibbs free energy Thus we can write equation 
(11.1) as 


dG = ydA (11.3) 


Term interfacial tension instead of surface tension is generally used for the 
interface of two liquids. 


Measurement of Surface Tension 


% There are two different methods for determination of surface tension of 
liquid. Mostly the capillary rise method and the drop weight method are used. Here 
we will discuss the capillary rise method. 


Capillary Rise Method 


This method is based on the fact that any liquid which wets the walls of the 
glass capillary tube will rise in the tube when the tube is inserted in bulk liquid. 
While the liquid which does not wet the wall of glass tube shows depression of level of 

- liquid in capillary. The rise or fall of liquid in capillary tube inserted in bulk liquid is 
due to surface tension. | 


Consider a capillary tube of radius 'r’ immersed in a vessel containing 4 
liquid which wets the glass wall. Due to force of surface tension, liquid level will rise 
in the capillary tube. The liquid keeps rising upto a certain level of height ‘h’. There 
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two forces which act on liquid in capillary tube. The force due to surface tenslo 
a along the circumference and it can be given as 
ac 


Force due to surface tension = y(2nr) 


F : : ‘’ tact 
Since force due to surface tension is acting at an angle ‘6’ known o oh 
ngle, the upward force. Therefore force acting vertically upward can be writte . 
a ; \ 


F, = 2nrycos@ (11.4) 


F ‘ i Baa i : ritten 
Force acting vertically downward is weight of the liquid and it can be w 


as 
F, = mg (11.5) 


We know that density of liquid is defined as 


qo 
PrvV 
m = pV 
| m = p(surface area x height) 
1.6 
m = p(nr*h) . (11.6) 
By putting the value of m from equation (11.6) into ( 11.5), we get 
Fj 
F, = p(ar*h)g (11.7) 
At equilibrium F1 and F2 becomes equal to each other. Hence 
F, =F, | . 
anry cos = p(ur*h)g 
2y cosO = p(rh)g 
_ prhe (11.8) 


~ 2cos0 


Where p is density of liquid, 8 is contact angle, r is radius of capillary tube, g 


is acceleration due to gravity and h is height of liquid in capillary from the surface of 


bulk liquid. 


When 0 is equal to 0° then above expression can be written as 


' _ prhg 
ye"2 
By knowing the values of p, 1; h and g, surface tension of a liquid can be 


calculated. 


11.3 INTERFACIAL TENSION AND SPREADING OF LIQUIDS 


The existence of a surface means a separation between two media, e.g. liquid 
and gas, In such cases, the surface tension depends upon the nature of both the 
media in contact. In common practice, the surface tenons of the liquids correspond 


i i i 2a eee ae A fires i 
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to those for the interface between the liquid and the air saturated with its yapo,,, ' 
Quite obvious, if the composition of the vapour phase above the liquid is changeg 
there would be a corresponding change in y values. Similar considerations apply tc 
the interface between two immiscible or partially miscible liquids. And there jg & 
imbalance of intermolecular forces, the extent of which depends upon the nature P 
the two liquids. The surface tension values, then are called the interfacial tension. It 
means that an interfacial tension exists at the boundary between two layers, whe, 
two immiscible or partially miscible liquids are brought into contact. 

The interface between two mutually saturated immiscible liquids contract, 
because of the interfacial tension. In principle, the interfacial tension can }, 
measured by all the methods used to measure surface tension but, since interfacia) 
tensions are even more sensitive to impurities than surface tensions, reproducible 
results can only be obtained with substances that can be highly purified. The 
magnitude or value of surface tension between two liquids is generally intermediate 
between the surface tensions of the two liquids, ya and ys, but sometimes it is lower 


than both as may be seen from data given below. 
Table 11.1 Interfacial tensions of the liquids at 20 °C (dynes/cm) 


The work required to enlarge the surface of separation between two 
immiscible or partially immiscible liquids is called interfacial surface energy, and is 
often expressed as the interfacial tension in dynes per cm. The interfacial tension 
between two liquids is generally less than the larger of two surface tensions; mutual 
attraction across the interface between the molecules of one liquid and those of the 
other tends to reduce the inward pull of the molecules in the surface by those of its 


own kind. 

If a column of pure liquid 1 cm? in cross-section is pulled apart so that the 
liquid is divided into two parts, without any lateral contraction, then two new (liquia- 
gas) surfaces each of 1 cm? area will be formed. Since surface tension is also the work 
necessary to create unit surface area, the work done in putting the liquid apart 1s 


then 
Mg Sy ' (11.9) 
Two unitesurfaces are created. Since the work is done against the forces a 
r, 1 


cohesion, it is-called the work of cohesion of the liquid. In a like manne 4 
consider a column composed of two immiscible/partially miscible liquids, then , 


é — itil 
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quired to separate the one liquid from the other against the acting interfacial 


rension is given by 


Wa = Ya + Yo ~ Yan (11.10) 


This resultant work is also a measure of the energy required to separate the 
golid from the liquid and is called the work of cohesion. The equation (11.10) is a form 
of the equation first deduced by A. Dupre (1869) and generally known by his name. 


gpreading of One Liquid from One Another 


If a liquid A to spread spontaneously on another liquid B, in which it does not 


the process must be accompanied by a decrease of free energy. In the 
n A and its vapour are 


decreased and so far 


dissolve, . 
spreading, the interfaces between A and B and that betwee 


increased, Whereas that between B and its vapour is 
spontaneously it follows that yat+ yn- yas must be negative, i.e. 

Net work done in spreading 1 cm? = yat ys- Ya $ 0 (11.11) 
(Decease in free energy = Useful work =- ive sign) 


Where ya and ys are the surface tensions of A and B respectively against 
their vapours and yas is the interfacial tension between two liquids. The form of 
Dupre’s equation for the adhesional work between Aand Bis 


Wan = Ya + Ys ~ Yap (11.12) 


Where Wap is a measure of the work required to diminish the surface 
between A and B by 1 cme, the surfaces of A and vapour, and of B and vapour 
increasing by this amount at the same time, combination of equations (11.11) and 


(11.12) shows that the condition for spreading is 
Wap > 2Ya (11.13) 

That is to say, that the work of adhesion (Was) between A and B must exceed 
the work of cohesion (2ya) of the spreading liquid A. The difference between these two 
quantities, 1.e., 

~W, - Won = Ya + Ys ~ Yas -2Y,4 
Sap = Yp ~ Ya ~ Yas 
Sap is called the spreading coefficient of A on B. If the liquid B is to spread on 
the surface of A, then 
‘Sa, = W, -— Wea 
Spa = Ya + Yp ~ Yas -2y, 
Spa =Y, —Yp~ Yas 
Spa is the spreading coefficient. of BonA (W. D. Harkins 1922). 


, A positive value of Sas/Ssa indicates that when a small quantity of liquid A is 
rl on the surface of B, it will spread across the surface like oil on water. On the 
= hand when Sas is negative, no spreading will take place and the added liquid 

: remain as a drop on the surface. 
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As a result of comprehensive study of surface tensions of organic compounds 
W. D. Harkins observed that spontaneous having a polar group of type, -OH, . 
COOH, —CN or -NH2 were able to spread on water whereas the hydrocarbon and 
halogen derivatives did not spread; some of the relevant data are given below. 


Table 11.2 Spreading of liquids on water (dynes/cm units) 
[substance B is water] 
Substance A 
Octyl alcohol 
Oleic acid 


Bromoform 


Liquid paraffin - 


Anton offs Rule 


In developing the conditions for one liquid to spread on another, it was 
assumed that the liquids are not mutually soluble, so that their surface tensions 
remain unchanged; when each liquid dissolves in the other, the tensions are altered, 
and G. N. Anton off (1907) suggested the rule that when two saturated liquid layers 
are in equilibrium, the tensions at the interface between two liquids is equal to the 

. difference of the two surface tension values. The interfacial tension Yas is less than 
the layer of two values. 


Yas = Yq “Yo OF Yp “Yu (11.14) 


It follows, according to the Anton offs rule that when two partially miscible 
liquids are in equilibrium, the spreading coefficient yg — ya— Yas is zero. The rule 
generally applies quite accurately for liquids having positive “initial” spreading 
coefficients; (when one tends to spread on the other in pure state); if the coefficient 

. for the pure state is negative, the interfacial tension is generally greater than the 
value given by v. It is probable that the difference in the behavior is due to the fact 
that the contact angle between two liquids at equilibrium is almost zero for systems 
of former type, but not for the latter. It is only for zero contact angles that YB- YA YAB 
is the strict measure of the spreading tendency. The interfacial tensions play a vital 
role in the properties of the emulsions and the detergents. 


Interfacial Tension 


When two immiscible or partially miscible liquids A and B are contacted, it is 
found that an interfacial tension exists at the boundary between two layers. It is 
denoted by yas. 


or 


The surface tension existing at the interface of two partially or completely 
miscible liquids is called interfacial tension. 


a 
a cn, 
= 


Scanned with CamScanner 


www.pdfgrip.com 


eT 
es 


Emulsions and Gels 793 


4 PRESSURE DROP ACROSS A CU 
14 PenpRFACES RVED SURFACE OR CURVED 


‘Woe we think about the study of different interfaces, we find that the 
jiquid-liauid or liquid-air interfaces are convenient to study because the molecules in 
che fluid are not rigidly fixed. Therefore they tend to adjust themselves to the 
changes at the interfaces. A curved surface of.a liquid or a curved interface between 
pases exerts a pressure so that the pressure is higher in the ’p 
terface than on the convex side. This is analogous to 


side of the in 
ressure inside of a rubber balloon is higher than the atmosphere p 


of the pressure exerted by the tension of the rubber. --7 
However the difference between the sheet of a rubber A ii 
and the surface of a pure substance is that the 

tension of the sheet of rubber is roughly proportional 
to the distance stretched, but the surface tension of 


the pure substance is independent of area. 


hase on the concave 
the fact that the 
ressure, because 


To derive the relation between the various 


curvatures of a surface, the pressure difference and ee 
the surface tension, we will consider a spherical : sna bubbl 
‘ : 4,99 2 - . : . e 
yapour bubble of various “rin 2 liquid at pressure P Fig. 11 nen e 


gs illustrated in Fig. 11.1. 


| 


¥. = 
W 

Surface Gibb’s energy = 7 SOO 

Change in surface area 


Surface energy = dG=y-dA 


(23) _aG_y 
0A )>p dA 
A=4m 


the bubble is 4ur?xy. The surface tension is 


expected to be a function of radius, but the nature of dependence is not known. 
Therefore we will assume that the surface tension is independent is radius of 
5 made here. If the radius were to increase by dr, the 


curvature in the calculation 
surface area would increase by 8nr dr. The surface energy of the bubble would in 


increase by 8ur tr dr. 


' dG = y[4n(r + dr)’ - 4ur’] 
dG = 4nylr? + 2r-dr + (dr)? -r7] 
dG = 8nr-y-dr 


The surface Gibbs energy of 
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or 
A =4n" 
dA 
—— = 4n(2r) 
dr 
dA 


— = 8nr 
dr 


dA = 8nr-dr 


dr is small so its square is very small and neglected. 


In order for this to happen, the pressure difference AP i.e. (Pin- Pout=AP across 
the surface would have to increase so that the work against this pressure difference 
would be equal to the increase in surface energy). 


PV work of expansion = Increase in free surface energy 
4nr? -drAP = 8nr-y-dr 
_ 8nr-y-dr 

4nr’-dr 


ap-2! (11.15) 
r 


and 


AP = area x length 
AP = 4nr’ -dr 


Since the radius of curvature in this case is positive, the pressure is greater 
on the concave side of the interface. As the radius increases to infinity, the difference 
in pressure approaches zero (AP=0), as it must for a planar surface. The pressure 
drop across a curved surface is responsible for the rise or depression, of a liquid 
surface in a capillary. Equation (11.15) holds not only for a sphere, but for any 
surface forming a part of the sphere. 


- The differential of reversible work dWrev for a process involving a change in 
volume and change in surface area of the plane surface is given by 


dW, =-PdV+ydA 


ev 


| 
| 
| 


11.46 VAPOUR PRESSURE ALONG CURVED SURFACE : KELVIN 
EQUATION 


Due to existence of surface tension, vapour pressure around curved surface is 
different from that of plane surface of liquid. It has been observed that the vapour 
pressure of a spherical droplet of a liquid is larger than that of the bulk liquid. This 
matter was considered by William Thomson and Lord Kelvin. The mathematical 
expression which relates the surface tension of liquid to vapour pressure of droplets 
of liquid is known Kelvin equation. Suppose that the ordinary vapour pressure ofa 
oe “ ~ and P is the vapour pressure when the liquid is present in the form of 
: plets of radius r. The change in Gibbs free energy when dn moles of a liquid aré 

| , ‘'ranstormed from a plane surface to a droplet is given by 
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iis RTIn dn 


0 


The value of dG can be calculated from surface tension and increase in 
ce area measurements using equation 


(11.16) - 


surf 


dG = ydA 
(11.3) 
The increase in surface area dA of droplet is 
dA = 4n(r + dr)’ - 4nr’ 
dA = 4nlr? + 2r-dr + (dr)? —r?] 
Gince r is negligible therefore dr? is neglected. Hence 
The value of dr can be calculated as 
Volume of 1 mol of liquid = M 
p 
Volume of dn moles of liquid = Man = 4nr°dr 
p 
dr = M dn (11.18) 
rp 
By putting the value of dr in equation (11.17) from equation (11.18), we get 
dA = 8ur —dn 
4nr-p 
ga odin : (11.19) 
rp 
By putting the value of dA from equation (11.19) into equation (11.3), we get 
io-y2Man 4.20) 
= % 


Comparing equation (1 1.16) and (11.20), we get 


got dn = RTIn—-dn 
r A 


p 

P 2yM (11.21) 
n— =—— 

P, rpRT | 


This mathematical expression (11.21) is known as Kelvin equation. According 
to this equation vapour pressure of liquid droplet 1s a function of density of liquid, | 
tadius of droplet, temperature, surface tension of liquid and molar mass of the liquid. 
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11.7 COLLOIDAL SYSTEM 


Two phase system in which one is 
disperse phase and the other one is dispersion 


medium is called the colloidal system as shown my sPerseg 
in Fig. 11.1, Phase 
Dispersed phase is the phase which Dispersion 
consists of colloidal particles. It is also called medium 
inner phase” or “discontinuous phase”. While, Interphase 


the phase in which the colloidal particles are 
dispersed is called dispersion medium. It is also 
called “outer phase” or “continuous phase”. The 
layer which separates the inner and outer phase 
is called inter-phase or interface, 


Fig. 11.2 Colloidal system 
showing disperse phase and 
dispersion medium 

Widely used colloidal system may be one 
of three major types. It may be a sol, gel or emulsion as shown in Fig. 11.3. 


Colloidal system 
Two Phase System 


Liquid dispersed 
phase 


Solid dispersion 
medium 


Sol Emulsion Gel 
Fig. 11.3 Three major types of colloidal system 


In sol, dispersed phase is solid and dispersion medium is liquid and size of sol 
particles lies between 1-1000 nm. If the range of particle size is 1-100 nm then the 


for the synthesis of metal nanoparticles, because size, size distribution and shape of 
colloidal particles can be controlled by chemical methods. | 
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Bonamy? ’ . Top down 
* pened approach 


Fig. 11.4 Preparation of sol by top down and bottom up approach 


In this chapter we will discuss gels and emulsions in detail. 


11.8 EMULSION | 


The colloidal system which consists of two immiscible liquids is named as 
emulsion. In other words, an emulsion may be defined as “the colloidal system in 
which liquid droplets are dispersed in another liquid.” For example, milk is an 
emulsion in which fat droplets are dispersed in water. The basic component of 
emulsion is the emulsifying agent which maintains the stability of an emulsion. 


Classification of Emulsion 


Emulsions are classified into many kinds on different basis. 


(1) On the Basis of Internal and External Phase 


(a) Simple Emulsion 

re of two types as shown in Fig. 11.5. Oil in water (o/w) 
ets are dispersed into water e.g.; milk. The other one is 
ts are dispersed into oil such as 


Simple emulsions a 


emulsion in which oil dropl 
water in oil (w/o) emulsion in which water drople 


greases, 


Water Oil 


Water 


Oil 


o/w Emulsion w/o Emulsion 


Fig. 11.5 Types of simple emulsions 


Scanned with CamScanner 


www.pdfgrip.com 


798 Modern Physical Chemist 


(b) Double Emulsion 


Double emulsions are also of two types. Water in oi] in water 
emulsion in which water droplets are dispersed in oil droplets of large size a 
these oil droplets are further dispersed in water which acts as continuous 
shown in Fig. 11.6 and vice versa for oil in water in oil (o/w/o) emulsion. 


(Wiolw) 
nd then 
Phage ag 


Water 


= 


w/o/w Emulsion 


o/w/o Emulsion 


Fig. 11.6 Types of double emulsion; (a) w/o/w emulsion and (b) o/w/o emulsion 


(c) Multiple Emulsion 


There are two types of multiple emulsions. Emulsion in which water droplets 
are dispersed in oil, then oil droplets are further dispersed in the water and the 
whole system again is dispersed in oil is called w/o/w/o emulsion as depicted in Fig. 
11.7. Similarly, when oil droplets are dispersed in water, then this system is 


dispersed in oil and the whole system is dispersed again in water is called o/w/olw 
emulsion. 


Water 


Oil 
; Water . 
Oil Oil 
Water 
Water 


o/w/o/w Emulsion w/o/w/o Emulsion 


Fig. 11.7 Types of multiple emulsion 


(2) On the Basis of Size of Droplet 


(a) Macro Emulsion 


Macro emulsion is the type in wh 
These emulsi 
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b) Micro Emulsion 


| agai a be ee of particles which are less than 1 1m. These 
3a ynamically stable because the layer formation of emulsifier 


emulsion e 
the droplets of disperse phase is a spontaneous process 


ground 
(3) On the Basis of Emulsifier 
(a) Pic 


The emulsion in which solid particles act as an emulsifier is ca 


kering Emulsion 
lled Pickering 


emulsion. 


Non-Pickering Emulsion 


(b) 
While the emulsion in which emulsifier used is not in solid form is called non- 


pickering emulsion. 


(c) Miceller Emulsion 


In miceller emulsions, 
emulsifier is present in the form of 
micelles. In aqueous solution, 
when the concentration of 
emulsifier increases to a certain 
molecules aggregate to 


value, its 
form micelle. In the formation of 
micelle the hydrophobic 
(hydrocarbon) ends are directed 
towards the centre away from |* 3 vege 
aqueous medium while __ its “a mere ‘ 
in contact Fig. 11.8 Micelle formation 


hydrophilic ends are 
with water as shown in Fig. 11.8. 


(4) On the Basis of Physical State of Dispersion Medium 


(a) Liquid Emulsion 


_ The emulsion in which disp 
liquids is called liquid emulsion. 


ersion medium and dispersed phase both are 


(b) Gel or Solid Emulsion, 
h dispersion medium is solid and dispersed phase is 


7 The emulsion in whic 
iquid, called solid emulsion. These are also known as gels. 


(5) On the Basis of Outlook 


(a) Watery Emulsion 


When oil is dispersed in the water, we get watery emulsion. 


(b) Oily or Greasy Emulsion 


When water is dispersed in oil, we get oily or greasy emulsion. 


Scanned with CamScanner 


www.pdfgrip.com 


ba) 


800__Modern Physical Chemistry AG 


(6) On the Basis of Appearance 


(a) Transparent Emulsion 
Micro emulsion is also named as transparent emulsion because its Particle 
size is less than 1 um. So, it will be transparent to visible light. 


(b) Non-Transparent Emulsion 
Macro emulsion is opaque or non-transparent emulsion because of its larger 
size particles. - 


11.9 CHARACTERIZATION OF SIMPLE EMULSION 


Characterization of emulsions includes the determination of emulsion type as 
well as the determination of size of droplets. 


11.9.1 Methods for Determination.of Type of Emulsion 


(1) Texture 
The emulsion is observed, if it is oily or greasy in touch it means that the 


outer phase is oil and inner phase is water so, it is w/o emulsion and if emulsion igs 
watery or creamy in touch then outer phase is water ad inner phase is oil SO, it is o/w 


emulsion. 


(2) Conductivity Method ; 
The type of simple emulsion can be identified by conductivity method as 


shown in Fig. 11.9 (a). As we know that water is a good conductor of electricity than 
oil. The o/w emulsion can conduct electricity and w/o type emulsion cannot. Specific 
conductance of o/w emulsion is very high as compared to w/o emulsion. 


(3) Mixing/Dilution Method 
An emulsion can be diluted with the dispersion medium but not with 


dispersed phase. Consequently, if the emulsion is stable on addition of water into 
emulsion, it will be o/w emulsion. If phase separation occurs, with addition of water 
then this will be w/o emulsion as shown in F ig. 11.9 (b). 


Inner phase 


o/w emulsion 


o/w Emulsion 
Fig. 11.9 (a) Conductivity circuit Fig. 11.9 (b) Mixing/dilution process 
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(4) fluorescence Method 
This method is based on the florescence property of some oils. The material 
ich has the property of a bsor bing shorter wavelength and emits longer wavelength 
Jled fluorescent mater ial. As we know that some oila and organic liquids a7 
fluo escent materials but water is not. When oil is the dispersion medium it wil 
Hamre then this emulsion will be w/o emulsion, otherwise it is o/w 


(6) Dyeing | 

An emulsion can be characterized by selecting a specific dye that is soluble in 
e and insoluble in other phase e.g. methylene blue is a dye which is soluble 
d insoluble in oil. With the addition of methylene blue in an emulsion i 
jor remains same as that of dye color, this is o/w emulsion. If color is not 
this is w/o emulsion. 


one phas 
jn water an 
emulsion co 
changed then 


(6) Filter Paper Test 


“To check this test, dip the filter paper i 
CoCle.6H20] solution and dry it. Then dip this filter paper in 
nk it will be o/w emulsion, and if its colour 


n 20% cobalt (II) chloride hexahydrate 
emulsion and dry. 
see atin P does not change then 
it is w/o emulsion. 


(7) Magnetic Resonance Imaging (MRI) 


for the identification of dispersed phase 


Magnetic resonance imaging is used 
of emulsion with the help of 


and dispersion medium of emulsion. By taking a snap 
MRI, we can distinguish that which one is the outer phase or inner phase. 


(8) Phase Inversion Method 
If we have an o/w emulsion, by addition of disperse phase (oil) initially 
layers are formed. But if dispersed phase is 


nd two separate 
vert into w/o emulsion 


added in large quantity a stage comes when emulsion will con 
d dispersion medium is oil. This is called phase 


in which disperse phase is water an 
inversion method as show in Fig. 11.10. On this basis, we can determine either 


emulsion is w/o or o/w. 


Inner phase 


w/o Emulsion 


o/w Emulsion 
Fig. 11.10 Phase inversion method 
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11.9.2 Methods for the Determination of the Size of Droplet 
Various methods are used to determine the size of droplet of dispersed pha 
of emulsion. Some are described here. 8 


(1) Sedimentation under the Force of Gravity | 


The process of settling down of droplets of dispersed phase under force of 
gravity is called sedimentation. During sedimentation, two forces act on the Particl, 
one of which is the force of gravity that acts vertically downwards (F,= mg) and the 
other one is the drag force acting vertically upward (Fp = 6nnrv). As the Particle 
moves downwards, its velocity increases due to increase in the gravitational force and 
as a result drag force also increases. After sometime equilibrium is established j., 
the two forces balance each other. At equilibrium, the velocity of particle Will be 
maximum and remains constant and is called terminal velocity. Hence at equilibrium 


we may write as 
Fe=F, 
mg = 62nrv, 
By putting m= xvin the above equation, we get 
pvg = 6rnrv, (11.22) 
Generally the density of medium is much less than that of the Particles ie, 
P,, <<<< p, this implies 


P-P, =P 
Hence, equation (11.22) can become 


(2-2, )vg = 6znrv, . - (11.23) 
The volume of the spherical droplet is oar , putting this value in the above 
equation, we get 


4 
2(p-P,)r°g f 
Y,=—_—_ 
t on (11.24) 
Equation (11.24) represents sedimentation velocity of the droplets. Replacin8 _ 


vi by 7 in this equation we get 


Se 


dt 9n 


dx _2(p-p,)r'g 
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Let the particle be at a position x: at the time ti and at xz at a time tz. 
separating the variables in the above equation and integrating between these limits 
gives 
" 2 p= 2h 
x 9n 
 _ 2(p=p,)r Bi 
x 9n t 
2(p-P,)rs 
(x: -*)=— (hh) (11.25) 
Using equation (11.25), radius of the droplet can be calculated. 
lled 


This process is very slow therefore, a modified method is developed ca 


ultracentrifuge method or velocity sedimentation method. 


(2) Ultracentrifugation Method 
Sedimentation is a time consuming process as the droplets require a lot of 


time to settle down under the force of gravity. Settling process can take place at 4 
faster rate using ultracentrifugation method, also known as velocity sedimentation 
method. In this method an external force is applied for the movement of droplet 


downward. As we know that centrifugal force is 


2 
my 


—— 


oF 


x 


plet from the axis of rotation, V is the 


Where, x is the distance of the dro 
velocity and m is the mass of the droplet. 

Putting v =xwin the above equation, we get 
F.= mxw? 


During the circular motion of the droplet, two fo 
the centrifugal and the drag forces. 


At the stage of equilibrium both th 


rces act on it which include 


e forces balance each other 1.e. 


f>t, 
6anry, = mxw 

Using equation (11.2), we can write 
6anrv, =(P- Pm )xw'V 


. 4 , 
By putting the value of V ie. 3a" _in the above equation, we get 
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4 
6myrv, =(P- p,,)xw" (+ x”) 


2(p-p,,)xwr’ 
i 97 
As vt is the rate of change of distance with respect to time, the above equation 
can also be written as — 
dx 2(p-p,,)xw’r’ 
dt 9n 
Let the particle be at position x: and xz at time ti and te respectively, 
Separating the variables in the above equation and integrating between the limits of 


time and the corresponding distance, we get 


20.2% 


*) 2 — 
px tere far 
Pe: 9n : 
2,2 
Se ale a (11.26) 
x, 9n 
Where x: and x2 can be easily measured using optical microscope during 


centrifugation. Hence the value of r can be calculated using equation (11,26) if all 
other parameters are known. 


(3) Microscopic Methods 


Transmission electron microscopy (TEM) and Scanning electron microscopy 
can also be used to determine the size of droplets of emulsion. 


(4) Scattering Methods 


Dynamic light scattering, small angle neutron scattering and small angle x- 
ray scattering are also used to determine the droplet size. 


11.10 SURFACTANTS: EMULSIFIERS 


“The substance which lowers the interfacial tension between two liquids and is 
used to stabilize the emulsion by increasing its kinetic stability is named as 
emulsifier”. These can be classified as: surfactant, lyophillic colloid, finely divided 
solid particles and polymeric materials. Surfactants dre surface active substances 
which can be used as emulsifier due to their amphiphilic structure. 


Classification of Surfactants 


Surfactants can be classified according to polar head groups into two main 
classes, } 


(1) Ionic surfactants 


(2) Non-ionic surfactants 


| 
Tie 
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The surfactants that have the ability to dissociate in water are called ionic 


CHy(CH,), SO, Na <— CH,(CH,),, SO; + Na* 
Sodium dodecyl sulfonate 

CH,(CH,),,NH;Cr = CH,(CH,),,NH; + cr 
Laury] amine hydrochloride 


Jonic surfactant is further divided into three classes. 


c Surfactants 
Anionic surfactants contain anionic functional 
sodium dodecyl benzene sulfonate. 


CH,(CH,)\C,HSO; Na” = CH,(CH;) 


(a) Anioni 
group at their head e-8- 


C,H,SO; + Na° 


(b) Cationic Surfactants 
Cationic surfactants are those in which hydrophilic portion contain cationic 
p e.g; trimethyl dodecyl ammonium chloride. 


functional grou 
,N*(CHj); + 


CgHasN*(CHs CF Calta 


(c) Zwitterionic or Amphoteric Surfactants - 


The surfactant whic 
called amphoteric/2witerionic 
(CHs)2CH2COO1. 


ositive and negative charges is 


h contains a head with p 
dodecyl betaine [Ci2H2sN* 


surfactant €-.8- 


(2) Non-lonic Surfactants 
are those surfactants that have no charge group and 


can't be dissociated in water. Block copolymers of oxyethylene and oxybutylene are 
examples of non-ionic surfactants. F urther non-ionic surfactants may be of two types 


either polymeric or non-polymeric surfactants. 


Non-ionic surfactants 


ACTANTS 


11.11 PROPERTIES OF SURF 
s of the surfactants due to W 


. Some important propertie 
emulsifiers are discussed below 


hich they act as 


(1) Amphiphillic Structure 
has amphiphill 
hydrophobic ta 


h Surfactant molecule ic structure, because it has a large 
ydrocarbons chain which is }] and hydrophilic head in nature as 


shown in Fig. 11.11. 
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Hydrophillic head 


Hydrophobic tail 


Fig. 11.12 Surfactant adsorption 


Fig. 11.11 Amphiphiilic structure 
on air-water interfaces, 


of surfactant. 


(2) Adsorption or Surface Activity 


When surfactant is added into water it forms a layer at air-water interface by 
adsorption process as shown in Fig. 11.12. Surfactant adsorbs in such a way that its 
polar head is directed towards the aqueous phase and non-polar portion towards air 
phase and become adsorb on air-water interface. 


(3) Reduction of Surface Tension 

When surfactant adsorbs on the surface, then attraction on the surface atoms 
is balanced. Now downward force is balanced by upward force of surfactant. In this 
way, surfactant decreases the surface tension of liquid. 


(4) Association or Micellization 


“The process of micelle formation: is called micellization”. When a large 
quantity of surfactant is added in water after covering the whole air-water interface, 
the surfactant molecules will diffuse into the bulk material and they aggregate 
spontaneously to form a micelle as shown in Fig. 11.13. 


¥ 
Surfactant 
Water 

Surface tension \(1) 
mN/m 
Micell 
. (2) 
5 xX 
InC 
Fig. 11.13 Adsorption and micellization Fig. 11.14: Gibb's adsorption isotherm 


process 
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s’S ADSORPTION EQUATION 


11.12 GIBB 


“Relationship between the amount of surfactant adsorbed on interface and 


on of surfactant in solution at constant temperature is called Gibb’s 


centrati ‘ ” 
ads orption isotherm 
Plot between surface tension and InC as shown in Fig. 11.14 has two regions. 


(1), surface tension decreases with the increase in value of InC. This region 


In ved adsorption region or premiceller region and in region (2), surface tension 


‘ns constant with change of InC, this region is called miceller region because 
icelle formation occurs in this region. Gibb investigated the change of surface 
f liquid with increase of surfactant concentration at constant temperature 


sion 0 th int 
io formulated it in the form of an equation which is known as Gibb’s adsorption 
jgotherm- Mathematically it can be written as 
r=o “ (11.27) 
RT| dInC J, 


Where, I is surface excess concentration and its units are mole/m? and it can 


| be defined as ‘no. of moles of surfactant adsorbed per unit area”. 


where,| 22 is called the surface activity of surfactant at constant 
: 


d|nc 


temperature. 


C 
,dinC =— 
So, dIn C 


By putting value of dinC in equation (11.27), we get 


(2) | . 7 (11.28) 


r=— 
2.303RT | dlogC 


dy | is the ability of surfactant molecules to reduce the interfacial 
dinC J, 


tension between two liquids. 


_C dy | (11.29) 


Significance of Gibb’s Adsorption Equation 
ption on the surface of a liquid of a 


(1) This equation is used to study the adsor 
substance that dissolves in it. 

i.e. when the surface tension of the solution increases 

with concentration, must be negative, and the body of solution is richer in 

solute than the surface, as in the case with many electrolytes and these 


substances are called surface inactive agents. 


When dy/dC is positive, 
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However when the surface tension of the solution decreases with: 
concentration, i.e. dy/dC is negative, I’ is positive and the surface contaits e 
higher concentration of solute than the solution. The latter is the cage with 
surface active agents. Positive surface activity is therefore is associateg wi 
the adsorption of solute from the solution by the surface of solution, While 
negative surface activity is due to the expulsion of solute from the surface. 


The limiting value of the reduction in surface tension with concentration, j¢ 


dc 


(2) Gibb’s equation can also be used to find out the adsorption of gas (vapours) om 
the surface of a liquid in which it is not soluble, by knowing the variation of y 
with P of the adsorbate. 

dp = RTdInP 
1 dy P dy 


-( oy is called surface activity of a substance. 
C0 


[ = -—~———_ = -—__— 
RTdInP RTdP 
or 
ee: een es 
- RT@InP- RT @P 
(3) Area occupied by one molecule of adsorbate (a) can be found by using 
following equation 
_— 1 
N,C 


Gibb’s Adsorption Law 


It was shown theoretically by Gibbs’s that those substances which lower the 
surface tension of a solvent in which they are dissolve become concentrated in the 
surface layer, while the concentration of the substances which raise the surface 
tension is less in the surface layer than in the bulk of the solution. 


Example 11.1 


The slope of plot of surface tension vs. natural logarithm of surfactant was 
found to be -70N/m. Calculate the surface excess concentration at 25 °C in mol/m’. 


Solution 


According to equation (11.27) 


rao) 
RT| dinC |, 
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dy ' 
, |— | ‘is 
wher* E Inc | the slope of the plot of surface tension vs. natural 
thm of the concentration of surfactant at a constant temperature T and is equal 


jogat? ‘i ‘ : 
Nm’! at 998K as given in the question. Hence surface excess concentration wi 


(8.3143Jmol"'K~')(298K) 
_ 0.0283" _ wae r 
Nmmol! 3molm 
11.13 CRITICAL MICELLE CONCENTRATION 

Micelle formation occurs due to association of surfactant molecules into bulk 
phase. “Single surfactant molecule is called unimer”, and by the combination of 
ynimers micelle formation occurs. “The number of surfactant molecules present in a 
form, then its 


called aggregation number”. If the micelle is in spherical 


micelle ws 
lled hydrodynamic radius. 


radius is ca 

Micelles are formed at a certain concentration of surfactant and “this 
centration at which process of micellization starts is called critical 
tion (CMC)”. Below CMC micellization does not occur. Spherical 
s, hydrophilic region which is called corona and hydrophobic 


hown in Fig. 11.15. If the concentration of surfactant 
bilize the emulsion. 


hydrophilic- 


minimum con 
micelle concentra 
micelle has two region 


region which is called core as S 
is less than the critical micelle concentration then it does not sta 


The value of CMC of a surfactant depends upon temperature, 
lipohilic balance (HLB) of surfactant and nature of solvent. 


Core 


Surfactant unimer 
Oil droplet 


Fig. 11.15 Illustration of micellization and micelle structure 
Determination of CMC of a Surfactant 


Different methods for the determination of CMC are discussed below 


(l) Surface Tension Measurement 


surfa Solutions of different concentration of surfactant are prepared and the 
a tension of each solution is measured and a.graph is plotted between surface 
N versus natural logarithm of concentration of surfactant as shown in Fig 
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11,16. At initial stages surface tension will decrease with the increase in Inc but 
after a certain concentration, value of surface tension will become constant, The 
concentration at which the surface tension of solution becomes constant ia Called 
CMC. Because at this concentration micelle formation starts. This method in 
applicable generally for the determination of CMC of nonionic surfactants. 


(2) Conductivity Measurements 
Solutions of different surfactant concentrations are prepared and the 


conductivity of solutions is measured. A graph is plotted between conductivity versug 
concentration as shown in Fig. 11.17. At initial stage, conductivity and concentration 
are linear to each other. At certain concentration, conductivity versus conc. plot gives 
a break. This break will give the value of CMC. Conductivity depends upon the 
mobility of unimers. After CMC unimers combine and form micelle. Because the 
mobility of micelle is less than that of unimer so, slope of plot changes at CMC. 


¥ 
B 
Surface tension (1) Couauatieny 
rit /m Siem 
(2) 
H 
Xx 
oO CMC fe) 
Inc Concentration 
Fig. 11.16 Plot of surface tension versus Fig. 11.17 Plot of conductivity versus 
InC concentration of surfactant 
¥' 
Solubility 
| 
! CMC 
O x 


Concentration 


Fig. 11.18 Plot of solubility versus concentration of surfactant 


Scanned with CamScanner 


| 
| 


www.pdfgrip.com 


<n A 


aif 


, Emulsions and Gels 
jlity Measurements 


(3) Solub 
As a rs taken that is insoluble in water, Solutions of different 
on jons of surfactant are prepared and the substance that is insoluble in 
water 38 added. At lower concentration of surfactant the substance is not soluble, 
pecause surfactant is present at interface only. But when concentration of surfactant 
proaches the CMC and surfactant molecules goes in to the bulk then they can 
ze the substance. As a result of which solubility of the substance increases 
Break point of plot of solubility of the substance as function of concentration 
t gives the value of CMC of surfactant as shown in Fig. 11.18. 


centrat 


.golubili 
rapidly: 


of surfactan 


11.14 MICELLIZATION OF NON-IONIC SURFACTANT 
n of micelle 


Micellization is a reversible process. Initially the rate of formatio . 
rate of both 


ater than the rate of formation of unimer. A stage at which 
um. The value of the 


ilibrium between unimer 


lle of 


is gre 
rocesses becomes equal is called dynamic equilibri 


concentration of the surfactant at the stage of dynamic equ 
and micelle 1s called CMC. Dynamic equilibrium between unimer an mice 


surfactant A‘can be shown as 
NA Ay 
Dividing by N, we get 
l 
A —F Ay 


The equilibrium constant can be written as 


VA 
K _ [Ay ) " 
: [4] 
When N is very large then 1/N = 0 and [A] >CMC then, 
K . [Ay r 
[A] 
Pie et (11.30) 
[CMC] 
According to thermodynamics, Gibb’s free energy for micellization is given by 
AF, =-RTInK (11.31) 
By putting value of K from equation (11.30) into (11.31), we get 


AF, =-RT In 
CMC 


AF, = RT InCMC 


— This is the relation between free energy of micellization and CMC. Its valu 
ae positive or negative if value is negative then the process will bé spontane € ‘ 
if the value is positive then the process will be non-spontaneous. nae 


a 
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Value of AFmic is negative for non-ionic surfactants and the Process of 
micellization is spontaneous. From equation (11.31) we can find relation between 
InCMC and temperature. 

In CMC = AF. 
RT 


Above equation shows that with the increase in temperature for a Particular 
liquid CMC decreases. Hence CMC is temperature dependant. 


11.15 THERMODYNAMICS OF MICELLIZATION 
(1) Free Energy of Micellization 
AF mic is called free energy of micellization and it can be determined from the 
value of CMC using following relation 
AF.,,. = RT InCMC 


Its units are kJ/mole. If the value of AF mic is negative then the process ig 
spontaneous. InCMC is a unit less or dimensionless quantity so it is written in terms 
of mole fraction. 


AF,,. = RT IN X cry: (11.32) 


X is the mole fraction of solute or surfactant. If Xcmc is less than 1 then AF nic 
will be negative and process is spontaneous. 


(2) Enthalpy of Micellization 


“Heat absorbed or evolved during micellization when one mole of micelle is 
formed is called enthalpy of micellization”. It is represented as AHmic and its units are 
kJ/mole. If AHmic is negative then the micellization process is exothermic. and if the 
AHmic is positive then the process is endothermic. But in case of non-ionic surfactant 


it is always positive. 
AF,,. = RT IN X eye 


By differentiating above equation with respect to T 


a(AF,,, OIn Xn. 
7a) = af roo In Kae 


(4F,,..) Ga X os, 


—— = RT 


= Ft R Xe 


By multiplying above equation with T 


OAF,, Ola Xr 
a oe MO + RT IN Xcye 
7 CAF nic = RT? O1n X eye +AF. 

OT OT mic 


a 
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g to Helmholtz equation 


AF ge = 7 = AA nic (1 1.34) 


comparing equation (11.33) and (11.34), we get 


Accordin 


By 
AH, =-RT? Oln Xe: 


AH me 
77 teal =O0In X om 


By integrating above equation, we get 
aie fesor = [8In Xe 


AA me ( | (11.35) 


ith i in Fig. 
This is an equation of straight line with intercept form as shown in Fig 


11.19. 
x 


InX ome 


1/T 


Fig. 11.19 Plot of InXcmc versus 1/T 
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AH mic can be determined from the slope as 


mic 


A 
slope= + 


AH, =slopex R 


Slope is positive which shows that AHmic is positive which indicates that 


process is endothermic. 


(3) Entropy of Micellization 

It is represented by ASmic and its units are JK"mole*. Entropy of 
micellization is zero or positive for spontaneous process (according to 254 law of 
Thermodynamics). When surfactant diffuse into the bulk, then it breaks the 
structure of water and creates disorderness among the water molecules, hence 
entropy is increased. When micelle is formed, then due to hydrophobic coreg water is 
expelled to the surrounding due to hydrophobic core, hence entropy increased. Both 
these factors are the causes behind increase in entropy of the system. Entropy of 
micellization can be calculated using fundamental relation of thermodynamics as 


AF i = AH. = TAS, 
AS = Ame = AFne (11.36) 
mic i 


Example 11.2 

The value of CMC of surfactant poly(oxyethylene)-poly(oxybutylene)- 
poly(oxyethylene) [E20Bi0E20] was determined and it was found to be 0.56g/L at 25°C. 
Calculate the value of AGmic and comment on spontaneity of the process. 


Solution 
As we know that 


AF, = RT In X cag: 


Where, X_4,-is the CMC of the surfactant in mole fraction. If n: and no are 


the number of moles of surfactant and that of water (solvent) respectively, then mole 
fraction of the surfactant can be calculated as 


n, 0.00028 


X oye =—— = ————— = 5.0410 
mn, +n, 0.00028 +55.56 
Hence AF’, can be easily calculated as 


AF, = (8.3143)(298) In(5.04 x10 ) = -3.02x 104 Jmol" 


mic 
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11.16 qECHNIQUES USED TO STUDY MICELLIZATION PARAMETERS 


surface Tensiometry 


Surface tension measurement can be used for the determination of CMC, 
critical surface tension yeme (surface tension at CMC), surface pressure free energy of 

jcellization, enthalpy of micellization and entropy of micellization. Fig. 11.20 gives 
plot of surface tensior! as a function of natural logarithem of concentration © 
surfactant. The value of CMC can be determined from the plot. The value of critical 
face tension corresponds to CMC can be measured from the plot in Fig. 11.20. The 
between surface tension of pure water and surfactant containing water at 
centration gives value of surface pressure (nm = yo — Yeme)- Free energy of 
enthalpy of micellization and entropy of micellization can be 
quations (11.11), (11.14) and (11.15) respectively. 


(1) 


sur 
difference 
; yarious con 
micellization, 
getermined using € 


¥ 


Surface (ensiva 
(mN/m) 


Teme 


0 


sinall change 


—_—e 


Inc 
Fig. 11.20 Plot of surface tension Fig. 11.21 Deformation of 
versus InC material 


(2) Viscosity and Density Measurements 


easurements give information about elasticity of 
region of micelles. The term viscosity 
of flow and deformation of materials. 
hape under external force as 


The viscosity and density m 
micelles and water contents in core and corona 


is associated with rheology which is a science 
The deformation of material is the change in s 


shown in Fig. 11.21. 
The force applied per unit area is called shear stress and its unit are Nm*®. 
Mathematically shear stress can be written as 


F 
r=— 
A 
The change in length is measured in term of shear strain which is 
xX 


According to Hook’s Law of deformation of materials, shear stress and shear 


strai ‘ 
train are directly related to each other 1.€. 
TxY 


t=Gy 
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Where proportionality constant G is called Young’s modulus. The rate of. 


change of strain with respect to time is called shear rate and its unit are s"! anq' 


mathematically can be written as 


Shear rate = y" = a 


Newton gave a relation between shear stress and shear rate to define the 
viscosity and this relation is called Newton law of viscosity which is given below 


Unit of n are Nsm-? while in System International (S.1) its unit are Kgm‘'s", 


t represents absolute or dynamic viscosity. If material has the ability to 


follow the Newton law of viscosity is called the Newtonian material otherwise Non- © 


Newtonian material. 
Relative viscosity (nrel) and specific viscosity (nsp) are unitless quantities and 
represented by follo:ving equations. : 


a I sotution 
rel 
Neotvent 


Isp = Nret I 
Reduced viscosity (nrea) is the ratio of specific viscosity to the concentration of 
surfactant and is represented by 


By plotting a graph between concentration and reduced viscosity as shown in 
Fig. 11.22. The intrinsic viscosity [n] can be determined and defined as “the value of 
reduced viscosity when concentration approaches to zero”. 

[n] can be used to estimate the quantity of water inside the micelle. We can 
derive an expression for water contents inside the micelle and intrinsic viscosity. 
Water contents are decreased by increasing the temperature of the system, size 0 


micelle also decreases as shown in Fig. 11.22. 
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y 
Dehydration 
Rede ed ri 
1 ity —___ 
iseo 
Hydration 
Dehydrated 
micelle 


Interensic 


viscosity Hydrated micelle 


o Concentration 


Fig. 11.23 Decrease in size of micelle 


jg. 11.22 Plot of reduced viscosity 
due to expulsion of water 


versus concentration 
Volume of hydrated micelle = Vh 


Volume of anhydrous micelle = Va 


Volume of water in micelle = (V,-V, ) 
Mass of water in micelle = 9,(V, -“% ) 


Mass of water in one mole of micelle = 2,.N,(Y,—- V,) 


water in 1 g of micelle is called hydration value. So, 


N,(V, -¥. 
Hydration value = Po a( h a) 
Molar mass of micelle 


1gof 


V,-V, 
Hydration value= ena ta— ta) 
p,NaVa | Va | 
= vy, 11.37 
. M ic F | ( ) 
Where, v' is called partial specific volume and is determined by following 
relation 
Nahe 
M nic 
By replacing NaVe/Mme with v' in equation (11.37), we get 


V, 
weve 1] (11.38) 


* ‘Einstein gave a relation among intrinsic viscosity, partial specific volume 
, volume of hydrated and anhydrated micelle by considering micelles as sphere - 


Suspended in liquid i.e. 


(7) _ Ys : 
2.50’ V, (11.39) 
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By putting value of Vi/Va from equation (11.39) into (11.38), we get 


W, = vp, 7) -1} 


2.5v' 


By using above equation hydration value can be calculated. The value of y' 
can be determined using following equation 
p=(l-u'p,)C+p, 


This is an equation of straight line in intercept form whose intercept is p, and 


slope is |-v'p,. And (7) is the shape factor of micelle which is equal to u. 


[7] 


If micelle is rigid, anhydrous and spherical then v = —= =2.5 
na 


Hence, viscosity and density measurements give information about elasticity 
of micelles, water contents in a micelle and shape of micelles. 


(1) Dynamic Light Scattering (DLS) 
Dynamic light scattering is used to determine the size of micelles, size 
distribution of micelles and variation in size of micelles with change in temperature. 


Light scattering is of two types. 


(a) Rayleigh Scattering 

When size of a particle is smaller than wavelength of radiation, then 
Rayleigh scattering occurs. Wavelength of incident and scattered radiation remains 
same in it. This is elastic scattering. If particle size is larger, then scattered 
radiations reach the detector with phase difference and result in interference effect. 


(b) Raman Scattering 


It is inelastic scattering and is exhibited by relatively larger particles. Here, 
wavelength of scattered radiation is not equal to that of incident one, so if energy is 
absorbed by molecule then scattered photons will be of lower frequency and if 
photons gain energy from molecule then scattered radiation will be of higher 
frequency. Fig. 11.24 depicts the scattering of light in miceller solution. 


The magnitude of scattering vector (q) can be written as 


Where a is the wavelength of light, @ is scattering angle and n is refractive 
index of solvent. Fig. 11.25 shows plot of intensity of scattering light as a function ° 


time. 


sa |[— 


Scanned with CamScanner 


r 


www.pdfgrip.com 


; Emulsions and Gols 819 


Intensity of 
light scattered 


Tyndall effect 


Miceller solution O 


Fig. 11.24 Scattering of light 


Time 


Fig. 11.25 Intensity of scattered light as a 
function of time 


Tis the decay rate and tis the delayed period which is the difference between 
the maximum and minimum value of scattering intensities. Maximum scattering 
occurs when particle is in the path of light and scattering decreases when particles 
move away from light path. Decay rate is related to scattering vector as 


lr =Dq 
Where D is the diffusion co-efficient and q is scattering vector. 


According to Stokes-Einstein equation diffusion coefficient is given by 


D= al (11.40) 
6n7R, 


Where, ks is Boltzmann constant, Rn is the hydrodynamic radius of micelle, 3 
is absolute temperature and n is the viscosity of solvent. Equation (11.40) gives the 


value of hydrodynamic radius. 
11.17 THEORIES OF EMULSION TYPE 
Theories of emulsion type fall into two categories 


(1) Qualitative Theories 
(2) Quantitative Theories 


11.17,1 Qualitative Theories 


(1) Theory of Interfacial Tension 


According to this theory, the interfacial tension between oil a ge 
and that between water and surfactant determines the bec a omen a ia 
Surface tension between water and surfactant 1s greater than that be 


i int ‘on is formed and vice versa. 
Surfactant ie.: 1. > Vo,» then water n oil emulsion 
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(2) Banscroft’s Rule of Emulsion Type 


According to Bancroft’s rule 


The liquid in which emulsifier is more soluble acts as a continuous phase anq 
the other liquid acts as discontinuous phase 


or 


The liquid having more ability to wet the emulsifier acts as continuous phase 
and other acts as dispersed phase. 


(3) Emulsification and Wetting (Theory Based on Contact Angle) 


The displacement of a fluid from a surface by another fluid is termed ag 
wetting. Commonly term wetting is used for displacement of air from the surface of g 
solid by a liquid. Three immiscible phases are involved in wetting process. Out of 
these three phases, at least two phases are fluids. Wetting ability of a fluid ig 
measured in terms of contact angle as shown in Fig. 11.26. When the contact angle of 
droplet of liquid with the solid surface is low, its wetting ability is high whereas a 
large contact angle corresponds to low wetting ability. 


Solid Surface 


Fig. 11.26 Contact angle and wetting 


Measurement of Contact Angle 

When a drop is static, then the sum of all the forces along x-axis becomes 
zero. 

According to Young’s equation, 


Vue = Va + Vy COSO (11.41) 


Where, 7,,,%),%,, is the interfacial 


tension between vapor and solid, solid and liquid 
and liquid and vapor respectively. While, 6 is the 
contact angle between solid and liquid as shown 
in Fig. 11.27. 


If the values of the interfacial tensions 
are known then we can determine the value of 
contact. angle. From equation (11.41), we get 


i t of 
Va Ts Fig. 11.27 Measuremen 
onr= 4 ei) contact angle 
lv 
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ge TT eal 
g to equation (11.42) when we add surfactant into a liquid, it 


Accordin 
gecrease® id ao (ytv) and increases value of cos0 but decreases value 0 
tac angle. In other wer s, surfactant increases the wetting ability of a liquid by 
con a its surface tension. Such chemical substances are called wetting agents. The 
siqui having i ay ne ability will serve as continuous phase in emulsion. If the 
ngle of contact © the roplet with emulsifier is less than 90° then the liquid will act 
A dispersed phase and vice versa. 


rientation Wedge Theory 


In orientation theory, the type of emulsion depends upon th 
of hydrophillic and hydrophobic end of the surfactant. If the cross sectio 
of pydrophilic end of surfactant is larger than hydrophobic end then surfactant 
adopts configuration 1n a micelle in such a way that hydrophobic portion will remain 
outward to form o/w emulsion as shown in Fig. 11.28 (a). If cross sectional area © 
hydrophobic group 1s greater than that of hydrophilic portion then hydrophobic side 
ll be directed outward to give w/o emulsion as shown in Fig. 11.28 (b). 


of surfactant wi 9p 
Hydrophilic portion gh : £9 Q 
Oo o/sv Emulsion 


e cross sectional 
nal area 


0 


Hydrophobic portion 


(a) 


Hydrophillic portion 


oe 


Hydrophobic portion 


w/o Emulsion 


(1) 


hillic end with large cross 


factant having hydrop 
nd with large cross section 


Fig. 11.28 (a) Orientation of sur 
having hydrophobic e 


section, (b) orientation of surfactant 
ility of the formation of w/o emulsion increases from 
factants (sodium oleate, calcium 


' For example the ab 
sodium salt to aluminum salt in the following sur 
tively) due to inverse in cross sectional area of 


— and aluminium oleate respec 
ydrophobic part of surfactant. 
) a ( <e —tc H 2—}-c00 -\ ia 
| 16 |) 
“2 3 
Aluminium oleate 


HC CHy}. CONE (" 4 —tc H sal 


Sodium oleate Calcium oleate 
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Example 11.3 


Arrange the following surfactants according to increasing order of ability to 
form o/w emulsion. EzoBio£20, E30Bi0E30, EasBioE4s. Where, E is oxyethylene unit anq 


B is oxybutylene unit of block copolymer. 


Solution 

The ability of the given surfactants to form o/w emulsion will be EasBioE ys > 
E30BioE30 > E20BioE20. This is due to the fact that solubility of surfactant in water 
increases with increase of block length of hydrophilic unit e.g.; E. 


11.17.2 Quantitative Theory 
Kinetic Theory of Emulsion Type 
This theory was proposed by Davis and Rideal in 1963. 


Postulates of kinetic theory of emulsion type are 


(i) According to this theory, the type of emulsion depends upon the relative rates 
of coalescence of droplets of opposite phases. If the rate of aggregation of oj] 
droplets is greater than that of water then, oil droplets fuse together and 
form continuous phase, as a result water in oil emulsion is formed. Similarly, 
if rate of coalescence of oil droplets is less than that of water, then oil in 
water emulsion is formed, where as in case of equal rates of coalescence, 


unstable emulsion is formed and phase separation occurs. 

(ii) Emulsifier forms a film around the droplets of dispersed phase. This film 
prevents the droplet to aggregate and hence, acts as a barrier which may be 
electrical, in case of ionic surfactant or mechanical in case of non-ionic 
surfactant. 

The rate of coalescence or aggregation of emulsion depends on particle size, 
number of particles of dispersed phase and diffusion coefficient. It increases with the 
increase in particle size due to the greater probability of aggregation. With the 
increase in the number of droplets of dispersed phase, due to the greater number of 
collision rate of aggregation increases. Similarly, higher diffusion coefficient 
corresponds to higher speeds and greater probability of collisions, as a result rate of 
coalescence increases. 

Davis and Rideal derived the following mathematical relation to describe the 
dependence of the rate of coalescence on above mentioned factors. 


Oe seni (11.43) 


dt 
Where, D is the diffusion co-efficient, r is the collision diameter of droplet and 
n is the number of particle of disperse phase. 


Equation (11.43) is applicable only if all collisions are effective but in ac 
is not possible, therefore a factor e=* is introduced. Hence, equation (11.43) wil 


tual it 
| be 
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ici I NS ane 


dn ce 
~—=4zDrn‘e " (11.44) 


dt 


Separating the variables and integrating equation (11.44), we get 


# ee = 4nDre® far 


n 


— 
—=42Dre “t+e 
n 


(11.45) 


E 
This is an equation of straight line in intercept form with slope 4nDre *! 


According to Stoke- Einstein equation we know 


kT 
(11.46) 
67na 


Where, a is the radius of single droplet and 
(11.47) 


p=20 
(11.47) respectively 


Putting the value of D and r from equation (11.46) and 
into equation (11.45). we get 
| kT 


E 


—_-A47 Que “1+e 
n 671A 

, 
1 IE Fe pec (11.48) 
4 3 


quation of straight line in intercept form, the slope of which is 


n be calculated from the slope if all other parameters 


This is an e 


4 oe 
equal to ee i? Hence, E ca 
n 


are known. 

Mean volume of droplet of disperse phase is given as below 
Fat (11.49) 

n 

e and n is the number of 


Where V is the total volume of the disperse phas 


droplets of dispersed phase. 


Putting the value of 1/n from equation (11.48) into equation (11.48), we get 
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Where, cV is the constant value and can be replaced by another constant 
which is c, we get 


Pt t+e (11.50) | 

3 0n 
Differentiating above equation with respect to t, we get | 
OY, ART oe (11.51) | 
d@3n 


; 4 
This is the rate of coalescence of a phase. Putting value of Ait tn 
equation (11.51), we get 


av = Ae ir 
dt 
= _— ; 
For liquid dispersion phase the value of aT =10°4 (fast rate of aggregation) 
t 


and for disperse phase the value is 103A (slow rate of aggregation). 


11.18 STABILITY OF EMULSION 


The ability of emulsion to resist coalescence of the droplets of dispersed phase 


is called the stability of emulsion. Various factors affecting the stability of emulsion 
have been discussed below 


(1) Emulsifier 


The emulsions prepared by mixing of two liquids in the absence of emulsifier 
are unstable. But emulsions in the presence of emulsifier are stable. The stability of 
emulsion depends upon nature and structure of emulsifier. 


(2) Physical Nature of Emulsifier Film 


The film formed by an emulsifier acts as a barrier and prevents the 
aggregation of the droplets of the dispersed phase. Let us take the example of sodium 
dodecyl sulphate (SDS) that is an anionic surfactant and ionizes as follows 


; 
H3C—{-CH,) OSO5'Na* ————— H3C—{CH) Osos + Na 


present on the saurface of the same droplet. The combination of co-emulsifier with 
emulsifier :moyeases themechanical strength of the film. 
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Fig. 11.29 Electrostatic repulsion between charged droplets 


Phase Volume Ratio 


(3) 
Varying the volume of the dispersed phase keeping that of the dispersion 
medium constant, causes a variation in the stability of the emulsion. Increasing the 
dispersed phase increases the number of droplets, size of droplets and 
s and droplet size 


yolume of the 

the viscosity of the emulsion. An increase in the number of droplet 
increases the rate of aggregation and therefore decreases the stability of emulsion. 
Whereas jncrease in viscosity, decreases the rate of diffusion hence increases the 
stability- The maximum permissible volume of the dispersed phase is 74.6% of the 
total volume. If the volume exceeds this value, phase inversion takes place or 
emulsion breaking occurs depending upon nature of emulsifier. Concentrated 
emulsions are more stable than dilute one due to increase of viscosity. 


(4) Viscosity 


An increase in the viscosity of emulsion decreases the rate of coalescence. 
Hence the stability of emulsion increases with increase of viscosity. According to 
Stoke-Einstein formula for spherical droplets, increase in viscosity of dispersion 


, kT 
decreases diffusion coefficien B 


6nna 
sion to increase the viscosity of continuous phase to get 
e called thickening agents. 


. Some additional 


medium t of the droplets i.e. D= 


substances are added in emul 
more stable emulsions. These ar 


(5) Droplet Size Distribution 
7 Droplet size distribution affects the stability of an emulsion to a great extent. 
Particles of smaller size gather around the larger one and eventually get submerged 
. it, losing their own identity. This phenomenon is termed as Ostwald ripening 
and is prominent in polydispersed emulsions. Hence, monodispersed emulsions are 


more stable than the polydispersed ones. 


(6) Temperatu re 


— The rate of coalescence increases 
se in temperature causes an increas® i 


exponentially with temperature. An 
n the kinetic energy of the droplets of 


dis e 

Bas eh phase, due to which diffusion rate increases and as a result, the rate of 

oe mane also increases. Although the viscosity decreases with temperature but 
ponential increase in the rate of coalescence with temperature is dominant 
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11.19 BREAKING OF EMULSION (DEMULSIFICATION) 


The process of separating the two constituent liquids of emulsion into two 
layers is called the breaking of emulsion. It is due to the aggregation of the droplets’ 
of the dispersed phase and may occur in the form of creaming, sedimentation o, 


coalescence as shown in Fig. 11.30. 


o/w Emulsion Coalescence 


Sedimentation 


Fig. 11.30 Emulsion breaking by coalescence 


Coalescence 


When droplets of the dispersed phase aggregate to form a single larger drop, 
this phenomenon is called as coalescence or coagulation. This coagulation ultimately 
leads to phase separation. Creaming and sedimentation are two types of coagulation 
depending upon position of dispersed phase. When the droplets of dispersed phase 
collect on the surface of emulsion due to. small density of dispersed phase, this 
phenomenon is called as creaming. While sedimentation involves aggregation of 
droplets of dispersed phase at the bottom of the emulsion due to high density of 


dispersed phase. 


Methods of Demulsification 
Some of the methods of demulsification are discussed below 


(1) Chemical Method 


It involves the addition of an electrolyte to the emulsion that causes 
aggregation by the removal of charge on the emulsifier and demulsify the emulsion. 
The quantity of the electrolyte needed to cause aggregation depends upon charge on 
its cation according to the Hardy Schulze rule. 


(2) Mechanical Method 
Mechanical methods such as centrifugation or ultrafiltration can be used to 
separate the two phases present in an emulsion. 


(3) Electrical Method 


Electrophoresis is one of the frequently used electrical methods for breaking 
the emulsions in which the charged particles of the emulsifier migrate towards the 
oppositely charged electrodes and get discharged and precipitated. 
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(4) physical Method 
ee ieee also be carried out by heating. Increasing the 
pemperature ane ses the rate of coalescence, causing the emulsion to become less 
ple and ultimately break it. ; 


11.20 METHODS OF EMULSION PREPARATION 


gmulsification 
’ The process of formation of emulsion by mixing two immiscible liquids with 
each other og the presence of emulsifier is called emulsification. It involves the 
f the internal phase into droplets by means of mechanical energy and then 
these droplets in continuous phase with the help of emulsifier. 


stabilizing 
nal as well as advanced 


Methods of emulsification include the conventio 
methods. ; 
Conventional Methods 


(1) 


The conventional methods usually employed are 


Laboratory Method 


In this method an organic liquid is stirre 
emulsifier for certain period of time to produce an emulsion. 


e of 


(a) 


d with water in the presenc 


(b) Industrial Method 

In this method, dispersed phase and continuou 
emulsifier are sprayed from opposite sides. They mix with e 
form an emulsion as shown in Fig. 11.31. 


s phase along with an 
ach other in the centre to 


Nozzle 


dispersion medium+ Disperse phase 
Emulsifier 


Emulsion 


ion on industrial scale by conventional method 


Fig. 11.31 Emulsion preparat 
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(2) Advanced Methods 


Membrane emulsification is one of the advanced techniques for preparing 
emulsions which makes use of a porous membrane. It is further divided into indirect 
and direct methods. 


Indirect Membrane Emulsification Method 


In this method, pressure is applied to push the emulsion prepared by 
classical method through a porous membrane to get a monodisperse emulsion ag 
shown in Fig. 11.32. After passing through the pores of the membrane, the droplets of 
uniform size are formed. 


Membrane 


Moveable Piston 


Pressure P 
——_— > 


Poly-disperse emulsion Mono- disperse Emulsion 


Fig. 11.32 Indirect membrane emulsification method 


Direct Method 


Direct method includes stirred cell and cross flow methods. 


(1) Stirred Cell Method 


This method employs a cell containing continuous phase, emulsifier and 
dispersed phase. The dispersed phase is separated from the continuous phase and 
emulsifier through a porous membrane. Pressure is applied from the disperse phase 
liquid side of the cell and the dispersed phase liquid is forced to pass through the 
porous membrane. Thus dispersed phase enter into the continuous phase where a 


Continuous phase 
liquid and emulsifier 


Outlec 
Stitrer 


Fig. 11.33 Stirred cell method 
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g these droplets into the continuous phase in the presente of an 


mixe 
rand the resulting emulsion is passed through an outlet and is collected in 


gtisTer 
amulsifie 
q contain 
Cross Flow Method 
In this eS tng ae of flow of dispersed phase and continuous phase 
along wit y “a sillier 1S perpendicular. Thus they mixed with each other 
endicularly to oo an emulsion and are collected in separate cells through an 
as shown ~ il aR 11.34. This method employs porous membrane after passing 
h which sma sized droplets of dispersed phase are formed. 


er as shown in Fig. 11.33. 


(2) 


Pressure P 


Membrane : 
Disperse phase 


Outlet 


nrinuous phase 
Con ‘P = 
with emulsifier 


Pressure P 


Fig. 11.34 Cross flow method 
In this method, the particle size depends on the following factors 
(1) Pore Size of Membrane 


Particle size 18 directly related wit 
by the equation given below 


— 


h the pore size of membrane as described 


— 


d, =d, 
e average diameter of the droplet and that of 


proportionality. It is a 
f the material of 


Where d, and d, represent th 
Pri puree of membranes respectively. c is 
imensionless quantity and its value depe 
membrane. 


the constant of 
nds on the nature oO 


(2) Flow Speed of the Continuous Phase 
tinuous phase, the smaller will be the size 


of The greater the speed of flow of con 
fr the particle. Greater speed applies greater force on the droplet to get it released 
om the membrane pore and small sized droplets are formed. 
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(3) Pore Density 


It is defined as the number of pores per unit area of membrane. High pore 
density implies that the pores lie very close to each other. Therefore the droplets jn 
the adjacent pores may combine to form larger droplet. A low pore density leads to 
the formation of small number of droplets. Thus one has to compromise on quantity 


of droplets to prevent aggregation of droplets. 


(4) Pressure 
Particle size increases with pressure as high pressure causes greater volume 
of liquid to come out in lesser period of time. 


(5) Pore Distribution 


It affects the uniformity of emulsion. If pore distribution is irregular, then 
polydispersed emulsion is formed and vice versa. 


Table 11.3 Difference between conventional and advanced methods 


Conventional Method 


1. High energy input is required. 


2. It is difficult to control the droplet 
size in conventional method. 


Advanced Method 


1. Less energy input is required 


2. Wecancontrol the droplet size in 
advanced method easily. 


Uniform emulsion is formed. 


Non uniform emulsion is formed. 


The emulsion formed is less stable. More stable emulsion is formed. 


Droplet size distribution is uniform. 


. Droplet size distribution is broad. 


Do B® ow 


Micro as well as nano level emulsion 
can be produced 


. Macro level emulsion is produced 


aoa on BW oo 


11.21 APPLICATIONS OF EMULSIONS 


(1) Drug Delivery 

Drug is hydrophobic in nature and hence not completely soluble in water. The 
surfactant molecules, after being added, form micelles in the solution and the drug 
gets entrapped in the core of these micelles. When these micelles enter into the body. 
they get collapsed at a certain temperature or pH and thus the drug is delivered to 


the body. 


(2) Enhanced Oil Recovery 
Three different ways can be employed for oil recovery which include 


(i) Primary oil recovery: In this method, oil is pumped out of the reservoir 
through suction pumps. 6 — 15% of the oil is recovered through this method. 


Secondary oil recovery: In this method, oil is recovered through flooding. 
15 — 30% of the oil is recovered by this method. 


(ii) 
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oil is recovered through 


s added to the oil reservoir 
through 


(ii) Tertiary oil recovery: In this method 
emulsification. An aqueous solution of surfactant i 
which forms an o/w emulsion. This emulsion is then pumped out 

suction pumps. 30 — 60% of oil is recovered by this method. 


Emulsions as Microreactors 
fmulsions are used as microreactors. For example, when two hydrophilic 
of a surfactant to 


ants A and B have been solubilized separately in the presence 
tants. If the two 


(3) 


react ; 
ive w/o emulsions, the surfactant forms a film around the reac 
e mixed, then there is an exchange of reactants through collision of 
plet as shown in Fig. 


emulsions ar 
water droplets or coagulation of two droplets to form a single dro 


11.35. Reactants A and B collide with each other again and again to form product. 


effect increases the rate of reaction. Recently, metal nanoparticles are 
ntrolled by 


This cage 
repared using this method. Size of metal nanoparticles can be co 
controlling size of droplets of emulsion. We can also stabilize metal nanoparticles by 
this method. 
Reducing agent 


Metal salt of Ag 


Metal salt ¢-£.- Reducing agent 
Silver 
Om | 94 


Show cage effect 


w/o Emulsion Mix both Emulsions 


Fig. 11.35 Emulsions as microreactor 


(4) Detergents Action 


work on the principle of emulsification as shown in Fig. 


in order to remove the oil droplets from the cloth, 
] droplets in hydrophobic core and on the removal 
moved from the surface of the clothes. 


Detergents also 
11.36. Surfactant is added to water 
it forms micelles that entrap the ol 
of the detergent, oil droplet also gets re 


Oil droplet , | 
Surfactant + a —_——> 


Cloth Micelle formed 


Fig. 11.36 Cleaning action of soap 
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(5) Food Industry 


Food industry also makes use of the process of emulsification. For example, 
milk is an emulsion which is stabilized by an emulsifier named casein. The food we 
cook is usually an emulsion containing oil, water and a variety of sausages. Likewige, 
the process of baking also involves the addition of an emulsifier named as diacety) 
tartaric (acid) ester of monoglycerides and abbreviated as DATEM. 


H 
1 
| 
j 
j 
; 
| 


(6) Cosmetic Industry 

Many different emulsifiers are used in cosmetics to prepare emulsions such 
as cream or lotion etc. which help them to spread and get absorbed or adsorbed by 
the skin, because skin also has hydrophillic and hydrophobic dual nature. Common 
examples of emulsifiers used in cosmetic industry include emulsifying wax, cety] 
alcohol, poly sorbate 20 (Tween 20). ; 


(7) Froth Flotation Process 


In metallurgical process, w/o emulsions are used to concentrate the ore by 
froth flotation process which is based on emulsification. The stirring of ore containing 
w/o emulsion causes foaming which is skimmed out and used for further 


metallurgical processes. 


11.22 GELS 


A gel is a colloidal system in which dispersed phase is liquid and dispersion 
medium is solid. It is a two phase system, one is continuous phase that is solid and 
second is dispersed phase that is liquid. So it is semi-solid material. Dispersion 
medium in gels is solid and has a specific structure i.e. cross-linked polymeric 


network system as shown in Fig. 11.37. 


Water 


os 


Free water Bounded water 


Polymer matrix 


Fig. 11.37 Structure of gel 


Structure of Gels 


It is a two phase colloidal system in which continuous phase is solid material 
which may be branched or cross-linked polymer system. While, discontinuous phase 
is liquid and if this liquid is water it is called hydrogel. In case of hydrogels the wate? 
entrapped in the network may be of three types. 
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(1) - r cael bound water: Water bound to polymer network through hydrogen 
onding. 


(2) Secondary bound water: Water bound to pol 
interactions (V ander Waal forces). Primary and secondary bound 


total bound water. 
(3) Free water: Water that can freely enter or leave the network all the time is 
called free water. 


ymer through hydrophobic 
water called 


Classification of Gel 
On different basis, gels can be tlassified as listed below 


On the Basis of the Size of Polymer Matrix or Dispersion Medium 


(1) 
On the basis of size of polymer matrix, gel is divided into three types 4s 
shown in Fig. 11.38. If particle size of gel is very large then gel system is called macro 
then gel system is called micro gels 


gels. If particle size of gel is in range of 0.1-1 um, 
d nano gels. 


and if particle size of gel is in range of 1-100 nm t 


ED Nano gels 
Micro gels 


Macro gels 
Fig. 11.38 Classification on the basi 


hen gel system is calle 


s of polymer matiix size 


(2) On the Basis of Nature of Dispersion Medium 
anic polymer then gel system is called organo gel 


ilica etc) then gel system is 


If network is made up of org 
lymer (silicone or 81 


and if it is made up of inorganic po 
called inorganic gel. 


(3) On the Basis of Disperse Liquid 

If water is entrapped in the network then gel is called hydrogel. If benzene is 
entrapped in the network then gel is called benzogel. Similarly, if alcohol is 
entrapped in the network then gel is called alcogels. 
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(4) On the Basis of Nature of Cross-Linkage 


On the basis of cross-linkage gels are divided into two types. 


(a) Physically cross-linked gels are such gels in which vander waal’s forces are 
present in the network. 

(b) Chemically cross-linked gels possess chemical bonding is present in the 
network. 


(5) On the Basis of Physical Properties 


On the basis of elasticity, the hydrogels can be classified as 
(a) Elastic 


(b) Nonelastic 

“The gels from which liquid can be removed and can be added again with 
reversible size variation of gel particle are called elastic gels”. These are also known as 
reversible hydrogels as shown in Fig. 11.39. 


Fig. 11.39 Elastic or reversible hydrogel 


“The gels from which liquid can be removed from the network but cannot be 
added again to the gel network are called non elastic gels” as shown in Fig. 11.40. 
Most. of the gels have elastic properties. The elasticity depends upon cross-linking 
density. By increasing cross-linking density, elasticity decreases. Elastic gels can 
swell or shrink with change in conditions like temperature, ionic strength and pH of 
the medium. 


Fig. 11.40 Non elastic gel 
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On the Basis of Amount of Dispersed Phase (Liquid-Solid Network) 


If liquid or dispersed phase in gel is 95% or more then gel is called jelly. If 
jiquid oF dispersed phase in gel is less than 95% then gel is called simple gel. 
Js can be obtained by removal of liquid from the gel network but liquid cannot 


Xeroge 
be removed completely from gels, Aero-gels are obtained by replacing liquid with air. 


(6) 


On the Basis of Responsive Behavior 


(7) 
(a) 


Responsive Gels 
e or more slight changes in 
ls. It is also called stimuli 
hysical structure on 


Responsive gels swell or deswell in response to on 
onment and are therefore called ‘smart’ materia 
] because they show sudden change in their p 
] stimulus. The external stimulus may be 


the envir' 
responsive ge 
applying externa 


(a) pH 

(b) Temperature 
(c) Ionic strength 
(d) Electric field 


(e) Intensity of light 
at at low temperature gel is in s 
1 shrinks due to the expulsion o 


wollen form but with 


Fig. 11.41 illustrates th 
the increase in temperature ge f water from the gel 


network. 


AT 


oii + Water 


Fig. 11.41 Stimuli responsive gel 


(b) | Non-Responsive Gels 


Non-responsive gels simply 
show any variation in size with change in environmen 


swell upon absorption of water. These gels do not 
tal stimuli. 


(8) Onthe Basis of Stimuli 
On the basis of stimuli, responsive gels can be classified as 


Temperature sensitive gels 
Electric field sensitive gels 


Glucose sensitive gels 
lonic strength sensitive gels etc. 
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(9) On the Basis of Morphology 
On the basis of morphology, gels can be classified as 
(a) Homogenous gels 


(b) Non-homogenous gels 


(10) On the Basis of Additional Material 


Mostly microgels contain some additional material like nanoparticles. Such 
microgels which possess nanoparticles are called hybrid microgels. Hybrid microgels 
can be classified as 


(a) Microgels covered with nanoparticles 
(b) Microgels filled with nanoparticles 
(c) Core-shell hybrid microgels 


11.28 METHODS FOR THE PREPARATION OF GELS 


“The process of formation of gel by cross-linkage is called gelation”. Some 
methods which are used for the preparation of gels are discussed below. 


(1) By Coagulation Method 


When solid particles are dispersed in liquid a sol system is formed. When 
coagulating agent (like electrolyte) is added in this sol, particles will coagulate to 
form a solid network and liquid is entrapped in it (Fig. 11.42). The process of 
conversion of sol into gel is called sol-gel transformation. During this process, 
physical properties get change. For example, viscosity of the system increases when 
system moves from sol to gel. A certain value of concentration of sol is required for 
transformation of sol into gel. That minimum value of sol concentration at which 
transformation occurs is called critical concentration. 


Network 


Gel 
Fig. 11.42 Transformation of sol into gel 


(2) By Chemica! Reaction 


Gel can be made by chemical reaction e.g. if two reactants A and B react with 
each other and two products formed are one is soluble and other is insoluble. 


A+B>C+D 
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Here C is insoluble product. Insoluble partic) 
reeate to form gel at certain concentration of go] ; 


BaSCN + MnSo 


© or product form sol and then, 
For example 

44> BaSO, + MnSCN 

Barium = Mangnese Bari 
thiocyanate sulfate 


agi 


um’ Mangnese 
sulfate thiocyanate 
Here barium sulfate is water insoluble 


(3) Cooling of the Colloidal System 


When colloidal system is cooled then it becomes inter-linked or cross-linked 
and gel 1s formed. , 


(4) Solvent Exchange 


In this method one liquid in a sol is replaced with another one. If the stability 
of sol particles in liquid B is lower than the stability of sol in liquid A, then sol 
particles combine to form a crosslinked network in liquid B and gel is formed. 


(5) Gelation Caused by Combination of Oppositely Charged Polyelectrolyte 


‘Polyelectrolyte molecule may contain many ionizable pendant groups like 
carboxylic group (-COOH) on one chain. When -COOH ionizes, negative charge 1s 
produced on the chain. If another chain contains such group e.g. amino group that 
produces positive charge on the chain on protonation (Fig. 11.43). Then negative and 
positive charges attract each other by electrostatic force of attraction and gets 


aggregate to form gel. 


coo “an 

oot coo 
+ a 

oe 

co 
“yA; 

oe . 

coo 


Fig. 11.43 Gel formation by oppositely charge polyelectrolytes 


(6)  Intra-molecular Hydrogen Bonding —_ lecule. In this | 
Gel is also formed by intra-molecular ayttonen hoe ati iendine nr vant 
way a large m Bic cule is converted into cross-linked network by self bonding 


In Fig. 11,44, 


7" sani nneill 
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Fig. 11.44 Gel formed through intra-molecular hydrogen bonding 


(7) Heating 


When miceller solution is heated, micelles interlink with each other to form 
physical gel. The gelation in miceller solution of block copolymers of oxyethylene and 
oxybutylene at high temperature is an example of gel formation on heating. 


11.24 PROPERTIES OF GELS 


(1) Thixotropy 


After a long standing time, dispersed phase of sol change into dispersion 
medium and dispersion medium changes into disperse phase to form gel and after 
whaking it again convert into sol as shown in Fig. 11.45. This property of sol-gel 
reversible transformation is called thixotropy. 


Network 


Size increased 


Stay sol for long time 


—— \ 
SS 


Shaking 


Sol 


Fig. 11.45 Sol-gel transformation . Fig. 11.46 Swelling of gel 


(2) Swelling 


When gel is soaked in water, then size of gel particles increases and swelling 
occurs as shown in Fig. 11.46. 

But different forces act on it such as 
(a) Osmotic pressure 
(b) Cross-linking force resisting the swelling 

At the stage of equilibrium | 


Cross-linking force = Osmotic pressure 
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Pn nnn 


-tent of swelling i 
The exte elling is measured in terms of swelling ratio which can be 


where, Vn 1s the volume of hydrated particle in swollen state and Vs is the 
sjume of gel particle in shrunken state. 
‘ 
If particle is spherical then V, = . aR 
3 


4 
And y= zeke 


3 

R, 

_we geta = — 
So g (#) 


alue of a is high then the swelling ability wil 
le size if size is small the 


1 be higher. Rate of 


If the Vv 
n rate of swelling 1s 


gwelling depends upon the gel partic 
high and vice-versa. 


(3) De-swelling 


(a) Shrinking 
When water is removed from gel through some exte 
gel will reduce called shrinking of the gel. 


rnal force then size of the 


(b) Syneresis 
Gel undergoes 4 shrinkage in yolume on standing 
the spontaneous evaporation of water is called syneresis. 


in open atmosphere with 


(4) | Responsive Behavior 
isopropylacrylamide) [p(NIPAM)] having coil 


conformation. When heat js supplied it changes its conformation from coil to globule 
form. The temperature-induced coil to globule transition of p(NIPAM) is shown in Fig. | 1.47. 
The temperature at which this transition occurs is called the lower critical solution temperature 


(LCST). 


Consider an example of poly(N- 


This effect can be explained 0 ture of p(NIPAM) that is 
shown in Fig. 11.48. At low temperatures, p(NIPAM) is highly solvated due to 
hydrogen bonding between the amide groups. on the polymer chain and the water 
igen At elevated temperatures, the hydrogen bonds between the polymer and 
. le water molecules are broken. and intra-molecular hydrogen bonds between the 
=0 and N-H groups are generated leading to removal of water from the interior of 

olymer-polymer interactions become stronger 


oe network. Consequently the p 
n the polymer-solvent interactions at higher temperature, SO polymer attains 


‘onformation of a globule. 
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H 
OT CH 
: ing 
a: ea 
Fig. 11.48 Structure of 


Fig. 11.47 Coil to globule transformation in . 
p(NIPAM) p(NIPAM) chain 


(a) Temperature Sensitivity 


h show swelling or de-swelling 
as shown in Fig. 11.50. 


Thermo responsive behavior of microgels can be explained on the basis of 
change in hydrodynamic radius of gel particle with change in temperature. The value 
of hydrodynamic radius as a function of temperature for p(NIPAM) microgels as 

ce radius decreases with increase of 


shown in Fig. 11.50. The hydrodynami 
temperature. The value of temperature at which rate of change of hydrodynamic 


radius with respect to temperature is maximum is called volume phase transition 
(VPTT). VPTT of a microgel is a function of cross-linking density and hydrophilic and 
hydrophobic groups present in gel network. The value of VPTT can be measured from 


plot of hydrodynamic radius versus temperature as shown in Fig. 11.51. 


in response to change in 


Such gels whic 
temperature are called thermo sensitive gels 


VPTT 


SCVPTT é 


Temperature 


Fig. 11.50 Pictorial dia 
gram showing Fi 5 inati fer: 
temperature sensitivity of gels —_——— oer 


(b) pH Sensitivity 


The cross-linke ; ; 
pH approaches eo ae of — particles which swell or deswell when the 
particles are called pH He » of the functional monomer incorporated inside the 
increase in pH by addin ~e eel. The carboxy lic groups become ionized with the 
due to electrostatic re ulsi cor hae shown in Fig. 11.52. As a result gel size increases 
Increase in size too ion between similarly charged groups present in network 

“creases water potential in gel. So water molecules move fro™ 
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gel, resultantly particle size increases. Thus electrostatic repulsion and 
t, both play role in increasing size of gel. 


ae le 
pH / Base 
increases 
—_———> 
nad al 
phi 


ee decreases 


im jnto 


yea! 
veatel conten 
y 


Fig. 11.52 Swelling—deswelling in pH responsive microgels 


Glucose Sensitivity 


(c) 


é variations in glucose concentration by 
or shrinking are called glucose-responsive microgels. Such smart microgels 


for quantitative analysis of glucose in complex physiological mixtures as 
drug delivery, especially delivery of insulin for diabetic patients. 


The microgels which respond to th 


gwelling 
are used 
well as for 


11.25 APPLICATIONS OF GELS 


(1) Drug Delivery 


One of the 

application of gels is 
controlled drug delivery. Drag rernove 
The open network structure a 

of microgels can be used to 
incorporate small molecules 
such as drugs in their 
interiors while their large 
sensitive swelling- 
deswelling transitions may 
be employed as physical and 

chemical triggers to direct Fig. 11.53 Drug delivery 
the release of the drugs as 

shown in Fig. 11.53. Drug delivery 


depends upon the responsive behavior of gel. 


(2) Hybrid Microgels in Nanotechnology 

s in the field of nanotechnology. 
hesis of different types of inorganic 
ybrid microgels are well 


™ Microgels find extensive application 
ee are used as microreactors for synt 
noparticles of fascinating properties and applications. H 


nown for their catalytic applications. 


(3 . 
) Microgels in Coating Industry 


and pe al play important role in improving rheological properties of paint 
rformance of films. That is why they are extensively used in coating industry 


= " 1 i : 
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They impart shock resistance to the films owing to their flexible *Ponge-lik., 


structures. 


(4) Microgels in Heterogeneous Catalysis | 


Recently, metal nanoparticles containing microgels have been attained g 

of attention to scientists working in the field of catalysis due to stability, durability of 
catalyst and open circuit for reactant diffusion to the catalyst. The catalyst can h 
recovered for re-use. Reduction of p-nitrophenol to p-aminophenol is widely Used t, 
study the catalytic activity of hybrid microgels. The kinetics of this reaction jp the 
presence of hybrid microgel can be easily monitored by UV-Visible spectroscopy. p. 
nitrophenol in slightly basic medium absorbs at 400 nm. During the Progress of 
reaction absorbance decreases at 400 nm due to consumption of p-nitropheno] and 
absorbance at 300 nm concomitantly increases with the passage of time due to 
increase of concentration of p-aminophenol (Fig. 11.54). Mathematical treatment of 
the kinetics of catalysis is given below 


Let, p-nitrophenol = A, sodium borohydride = B and p-aminophenol = Pp 


A + B —) P 
t=0 Co bo , 0 
t=t c . bo-x = bo 4 


The concentration of B is taken in excess therefore, bo-x = 0 so, 


de 
-—c«ec 

dt 

de 
~ dt = app© 


By separating variables and integrating above equation will be 
de 
-{ =the fat 


-Inc =k, ¢+ constant (11.52) 


When t = 0, then c = ¢o, by putting this approximation on above equation, we 
ge 


-Inc, = constant 


By putting value of constant in equation (11.52), we get 


-Inc= Kinyl =ine, 
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Fig. 11.54 UV-Visible spectrum of catalytic reduction of p-nitrophenol 


Since, 
A, =e! (11.54) 
A, = 6c, (11.55) 
By dividing equation (11.54) by equation (11.55), we get 
o _ Ay 
g « 
By replacing the co/c in equation (11.53) by Ao/At, we get 
A 
n() A 
inf 4] =-4 (11.56) 
A, } ser 


t line with slope -kapp. So, by plotting a graph of 


This is an equation of straigh 
e apparent rate constant (kapp) from the slope. 


In(AvAa) versus t we can determine th 


i 
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11.4 Difference between emulsions and gels 


Gels 


—— 


Emulsions/Emulgents 


1. Phases — 
Dispersed phase as well as dispersion Dispersed phase is liquid while 
medium, both are liquids. dispersion medium is solid. 


2. Volume Percentage of Phases 


Maximum volume percentage of 
dispersed phase in stable gels is 99.9 %, 
At this condition, dispersion medium 

constitutes only 0.1 % of total volume. 


Gels are versatile in physical appearance. 
They can be solid, liquid or semi-solid. 


No emulsifier is added to decrease 
surface tension between dispersed phase 
and dispersion medium. However 
surfactant is added only to increase 
stability of microgel particles in solvent. 


5. Crosslinker 


No crosslinker is added. Crosslinker is added to form crosslinked 
network by dispersion medium. | 
Crosslinked network is more stable. 


Maximuin volume percentage of 
dispersed phase for a stable emulsion is 
74.6 %. Molecules of dispersed phase are 
closely packed when their percentage in 
emulsion is 74.6 %. 
8. Physical Appearance 
Appearance of emulsions is similar to 
liquids. 
4. Emulsifier 
Emulsifier is added to decrease surface 
tension between dispersed phase and 
dispersion medium. 


6. Thixotropy 


Emulsions do not show thixotropic Thixotropy is a property of gels. They can | 
behavior. easily undergo sol and gel inter- 
transformations. 


7. Coalescence 
Coalescence occurs easily in emulgents. | Gels get aggregate only under some 
specific conditions of pH, temperature, 


ionic strength etc. 


8. Breaking 


Emulsions can be easily and completely | 100 % breaking of gels into their 
components is not possible. Moreover 


broken into their components. 
breaking of gels is not easy. components. 


9. Elasiticity 
Gels show good elasticity. 


Emulsions are not elastic. 


10. Preparation Methods 
Physical and chemical methods are used | Chemical methods are used to prepare 


| to prepare emulsions, gels. 
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ee nell 
Emulsions/Emulgents Gols 
Classification 


‘ons can be classified on the basis | Gels cannot be classified in this way. 
of position of inner and outer phase ie.; | Rather they can be classified on the basis 
d w/o emulsions. of nature of inner and outer phases 1.¢.; 
organogels, benzogels etc. 


No multiple gel exist. 


13. Syneresis 
Gels show syneresis. . 
14. Examples 
[a me 


QUESTIONS 


How will you classify gels? Explain their structure. Giv 
preparation of gels and Emulsions. 
ate between gels and emulsions? Explain the methods 


12. Mutiple Presence of Phases 


Isions exist 1.e.; o/w/o or 


e methods for 


Q.1. 


Q.2. How will you differenti 
of breaking of emulsions. 
Q.3. What are emulsions? How are they prepared? Give their properties. 


Q.4. Write a short note on the orientation theory of emulsification and wetting 


and emulsification. 


MC and derive the relation between free energy of micellization and 


Q.5. Define C 
CMC for non ionic surfactant system. 
Q.6. The CMC value of E2zoBioE20 at 25°C in aqueous medium is 6.2x10?mM. 


Calculate the free energy of micellization. (-24 kJ/mol) 


Q.7. Micellization of block copolymer in aqueous medium is important in 
industrial processes. Thermodynamics of micelization of such kind of block 
copolymers of oxybutylene and oxyethylene was investigated by Farooqi and 
his coworkers [Journal of dispersion Science and Technology 34(2013), 400] 
by monitoring InXemeversus 1/T using surface tension measurements. 


Following data were obtained at 293K 
AGmic (kJ/mol) AH mic (kJ/mol) 


-24.55 


Surfactant 


E20B10E20 
E30Bi0E30 
E4sBioEss8 


(i) Calculate TASm« 
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(ii) Compare association process of the block copolymers in the light of given 
values of thermodynamic parameters. 


Explain role of various factors in determination of stability of an emulsion by 
using explanation of quantitative theories. 


How can you differentiate oil in water and water in oil emulsions? 


Explain the role of hybrid microgels in catalysis using a suitable mode} 
reaction. 


Briefly discuss the smart behavior of microgels with respect to temperature 
and pH change in the environment. 


Write a note on membrane emulsification. How can you control the droplet 
size by membrane emulsification? 


How can you use Dynamic Light Scattering and tensiometry to study the 
parameters of micellization? 


What are surfactants? How can you classify surfactants? Discuss role of 
surfactants as emulsifier in emulsification. 


How can you determine size of droplets of an emulsion using sedimentation 
method? 


What is CMC? Give two methods for determination of CMC of a surfactant, 
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1 |NTRODUCTION 


photochemistry is the branch of chemistry which deals with the study of 
mical reactions produced directly or indirectly by the radiation lying between 
ae and ultraviolet (800-200 nm) region of electromagnetic spectrum. It deals 
bie 4 the study of effect of radiant energy on chemical reactions, the rate and the 
anise by which the reactions are either initiated or affected by light radiation. 
an includes the study of reverse reactions in which the chemical energy released 
.. emitted aS light. Reactions which occur with the absorption or emission of light are 
6 iled photochemical reactions. There are so many reactions which occur due to 
“sorption of light radiations by matter. These reactions may be of any type like 
aynthesis decomposition, isomerization, oxidation-reduction and polymerization. 


Ordinary or thermal reactions are initiated by activation brought about 
through molecular collisions. Such reactions can occur only when these are 
accompanied by a decrease in free energy. If increase in free energy is involved, C 
reaction is possible. However, thermal activation is not the only means by which the 
energy of atoms or molecules can be raised sufficiently to cause reaction. Another 
way to raise the energy of activation of atoms or molecules is to bring the reactant 
molecules into collision with light quanta of electromagnetic radiation, e.g. UV- 
ysible, gamma rays, X-rays etc. In fact with the absorption of such a large quanta of 
radiation, a molecule may be ruptured. Such absorption of light by an atom or 
molecule leads to its excitation, and if the activation is sufficiently great, chemical 
reaction may result. In this way absorbed light can affect the rate of a chemical 
reaction and frequently bring about chemical changes under conditions where 
thermal activation alone would not be affective. Thus, photochemistry comprises the 
study of chemical reactions produced directly or indirectly by light. The term light is 
used in a wide sense and includes all radiations. In general, visible and ultraviolet 
light is photochemical active, while infrared light has practically no effect on the 
chemical reactions. On the other hand, if high energy photon from X-rays or gamma- 
tays be used, innumerable molecules coming in their path would be ionized. This 
ionization would lead to chemical changes through secondary processes. The study of 
effects of these radiations therefore, comprises the subject matter of Radiation 
pms For example a mixture of hydrogen and chlorine remain unchanged with 
ae apse of time but when it is exposed to light, a reaction occurs with a loud 

: isi The reaction of carbon dioxide (CO2) and water (H20) in the presence of 
os = a is a photochemical reaction. The vision process involves the absorption of 
n by visual pigment rhodopsin. The chemical reactions occurring in atmosphere 
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are photochemical reactions. For example formation and decomposition of Ozone :; 
stratosphere is a very important reaction for life on earth. The photo-polymerizar;, 
is commonly used technique for synthesis of many synthetic polymers. Kinetigg 
chemical reactions has been investigated using techniques based on Photochemist of 
For example flash photolysis is used to identify the short lived species generateq in 
chemical reaction. The use of techniques based photochemistry is increasing day b. 
day in nuclear research, inorganic estimation, food research, qualitative and 
quantitative analysis and medicinal research. This chapter deals with study of |gy 
of photochemistry, kinetics of photochemical reactions, photochemical procegs like 
fluorescence and phosphorescence, chemiluminescence and lasers. The mechanism, 
involved in photosensitized reactions have been also described in this chapter. 


12.2 PHOTOCHEMICAL AND THERMAL REACTIONS 


The chemical reactions are results of collision of reactants. Each collision 
cannot cause a chemical reaction but a fraction of collision with proper orientation 
and sufficient energy causes a chemical reaction. The minimum energy needed to 
convert reactants into product is called activation energy. This energy can be 
provided by heating or irradiating reactions. Therefore chemical reactions can be 
classified as thermal and photochemical reaction. The basic differences between 


these reactions are given in Table 12.1. 


_ Table 12.1 Distinguishing properties between thermal 
: and photochemical reactions 


These reactions take place in the 


These reactions may occur in the 

absence of light. presence of light only. 
Temperature significantly affects the Temperature has very little effect on 
rate of thermal reactions. photochemical reactions. 


Free energy of photochemical reaction 
may be negative or positive. 


Some photochemical reactions involve 
photosensitizers instead of catalyst. 


Example: A mixture of hydrogen and 
chlorine remain un-reacted in the 
absence of light. This reaction takes 
place only in the presence of light. 


These reactions are accelerated by 
catalysts. 


Example: Production of ammonia in 
Haber’s process is an example of 
thermal process. 


12.3 LIGHT ABSORPTION AND LAWS OF ABSORPTION 


When a solution or medium is irradiated with light, a part of it is al 
This light absorbed by the medium molecules causes a photochemical reaction. aad 


absorbed: 
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ee 


i f m j . : : 
so she . ae radiation by homogeneous solution or systert is 
xpi laws are valid for “Ae empirical laws ie. Lambert's law and Beer's law. Both 
these onochromatic radiations passing through homogeneous 


medium. 


12.3.1 Lambert's law 


A relationship between the amount of light absorbed and thickness of the 
homogeneous absorbing medium was given by Lambert in 1758. It is an empirica 
elation and known as Lambert's law. This law is stated as “when a monochromatic 
beam of light om through a homogeneous transparent medium, the rate of 
decrease of intensity of light with respect to the thickness of the medium is directly 


proportional to the intensity of light”. . 


Mathematically Lambert's law can be written as 


dl 


-—al 
* dl 


Where I is the intensity of light at any thickness | an 
decrease of intensity of light with respect to thickness of the homogeneou 


By yearranging the above expression, we get 


d —dI/d] isthe rate of 
s medium. 


oN dl 
I 
Or 
dl 
“T = kdl (12.1) 


constant and it is called absorption co- 


e of the absorbing medium. Its SI units are 
al equation. It can be 


Where k is the proportionality 


efficient. Its value depends upon the natur 
m:!, Equation (12.1) is variable separable 1* order differenti 


integrated by separating variables as 
dI 
a -kfdl 
InI = -kl +e (12.2) 


c can be determined using initial 


The value of constant of integration 
al conditions, we get 


conditions. i.e. when 1=0 then [=Io. By applying initi 
InI, = -k(0) +e 


Inl, =¢ (12.3) 


By putting the value of c from equation 3 into equation 2, we get 


In] = -kl + Inl, 
In] -InI, =-kl 
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in I )- ™ (12.4) 


The equation 12.4 is the equation of straight line passing throu 
Plot of In(I0/I) vs 1 will be straight line with slope equal to k. The SI uni 
evaluated from this expression as m°!. 
exponential form as 


gh the Origin, 


ts of k can be 
Above expression can be rearranged jp 


I 
oe 
oF] kl 


(12.5) 


It is clear from equation 12.5 that intensity of monochromatic beam of light 
decreases exponentially when thickness of the homogeneous medium increases 
arithmetically. Equation 12.4 can also be written as 


2.303 log{ 2 = ~-kl 


o 


log (2) = -¢'] (12.6) 


Where ¢' = k/2.303=0.4343 k is called extinction coefficient. Its definition can 


be derived from equation 12.6 as “It is the reciprocal of the thickness of the medium 
which reduces the intensity of light to one tenth of the original value”. i.e, 


I 1 | 
Tort ea ae ice 
oe | o 
] 
log} — | = -e'l 
(in) ° 
~ log 10 = -g'] 


Scanned with CamScanner 


www.pdfgrip.com 


<i 5 


: Photochemis 851 


log 10 = €'l 
l=c'l 
ly 

l 


So SI units ofe’ are m"! and its value depends upon the nature of the medium 


and wavelength of light used. 


12.3.2 Beer’s law 

Lambert's law is applicable only to solids Beer studie 
concentration of colored substance .on absorption of lig 
results in the form of empirical law which is known as Beer’ 
stated a8 “the rate of decrease of intensity of light with respect to 
golution is directly proportional to intensity of light”. 


d the effect of 
nted his 


concentration oO 


Mathematically Beer’s law can be written as 
-~—al 
-dC 


Where | is the intensity of light at any concentratio 
of intensity of light with respect to concentra 


n C and _dI/dC is the rate 
tion of absorbing colored 


of decrease 
substance in solution. By rearranging above expression, we get 
~ al adC 
I 
al _ ac 
I 


tant and its value depends upon the 


Where k’ is proportionality cons 
e. Its units are reciprocal of 


wavelength used and nature of the absorbing substanc 
concentration units. The above equation can be integrated as 


dl ; 
a -k'[dC 
InI = -k'C + cons tan t (12.7) 
The value of constant of integration can be evaluated using initial conditions 


ie. when C=0 then I=Io. By applying initial conditions, we get 


InI, = _k'(0) + cons tant 


InI, = constant (12.8) 


e values of constant from equation 12.8 into equation 12.7, we get 


By putting th 
In] =-k’C+ In], 
InI-InI, =-k’C 
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nf 4) =-k'C 


nf +} =k'C (12.9) 


Equation 12.9 is the equation of straight line passing through the origin, The 
plot of In(I0/I) versus C will be a straight line with slope equal to k’. The unitg of 
k'can be evaluated from equation 12.9 which are M:! when concentration jg 
expressed in moldm’. Equation 12.9 can be rearranged in exponential form as 


I 
In} — | = -k’ 
o(z) k'C 


7 =e? (12.10) 


Or 


From equation 12.10, Beer’s law can be stated as “The intensity of beam of 
monochromatic light passing through a solution decreases exponentially as the 
concentration of absorbing substance increases arithmetically”. 


Equation 12.9 can also be written as 


2.308106{ 2) =k'C 


° 


Where "= 0.4349 k'is called extinction co-efficient and its units are 
dm3 mol:!, 


12.3.3 Beer-Lambert’s law 


Beer’s law and Lambert’s law are usually combined and the combined law 1s 
known as Beer-Lambert’s law. This law can be stated as “the rate of decrease of 
intensity of monochromatic beam of light with respect to thickness of the medium 1S 
directly proportional to the intensity of light and concentration of absorbing 
substance in solution”. 


Mathematically Beer-Lambert’s law can be written as 


al alc 


d] 
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absorbing 


Where I is the intensity of light, C is the concentration of 
light with 


ce in solution and ~dI/dl is th 
t to thickness of medium or steal oat ih aa of intensity of 


respec 
The above expression can be written as 


dl 
-—=K.LC 
dl (12.11) 


s upon nature of 


Where K is proportionality constant. Its value depend 
12.11 is variable 


material and wavelength of light used. Equation 


absorrwe st order diff 
able 1% order differential Data? ; 
vit tien * ial equation and it can be integrated by separating 
dl 
poke fal 
In] = -K.C.1+ constant (12.12) 

7 The value of constant of integration can be determined using initial 
conditions 1.€- when 1=0 then I=Io. By applying these conditions on equation 12.12, 
we get 

InI, = constant (12.13) 

By putting the value of constant from equation 12.13 into equation 12.12, we get 

InI = -K.C.1+In]I, 
nf] --K.Cl 
I, 
I 
inf | = KCl 
me! 
I, 
2.303 log T = KCl 
K 
log| — |==sm7 Gi) 
| I 2,303 
(12.14) 


log G = ¢.C.l 


Where ¢ is equal to K/2.303. Iti 
absorption coefficient or molar absorp 
moldm3 and optical path length in c 
exponential form as 


I 
log| — | = -€.C-l 
ali} 


ar extinction coefficient or molar 
ncentration is expressed in 
2.14 can be rearranged in 


s called mol 
tivity when co 
m. Equation 1 
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‘4 i etl 
I, 


I a ad 


The quantity ‘log(I./I)’ present in the left hand side of the equation 12,14 4 
called absorbance. Absorbance is a dimensionless quantity. It is denoted by A. The 
value of absorbance depends upon path length, concentration of absorbing substance 
and wavelength of light. Equation 12.14 is equation of straight line passing through 

‘the origin and it can be written as 


A =6.C.l (12.15) 


-. The plot of A as function of C at particular wavelength (Amax) and constant 
path length will be straight line with slope equal to el. The value of ¢ can be 
determined from the slope of the plot. The definition of ¢ can be derived from 
equation 12.15 as 


If C=1moldm:3 and l=1em then 
e=A 


Hence molar extinction coefficient (e) can be defined as absorbance for a 
concentration of Imoldm* and path length of lcm. Equation 12.15 gives the 
absorbance of one substance as function of its concentration. According to Beer- 
Lambert’s for multi-component system, the absorbance of mixture can be written as 


A =6,.1C, +6,.L.C, +6,.1.C, +....... 


Where A is the total absorbance at particular wavelength, Ai, As and A3 are 
the values of absorbance of component 1, 2 and 3 respectively and e1, e2 and e3are the 
values of molar extinction coefficients of components 1,2 and 3 respectively. 


Another important quantity related to this law is transmittance. 
Transmittance is denoted by T. It can be defined as 
I 


tS 
I, 


(12.16) 


Where I, is the intensity of incident light and I is the intensity of transmitted 
light. Transmittance is also a dimensionless quantity. The mathematical relation 


between absorbance and transmittance can be derived from definition of absorbance 
and transmittance as 


I 
A oe( +) (12.17) 


Equation 12.16 can be written as 
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I 


1 + 
T | (12.18) 
ing th 
By putting the value of 1/T from equation 12.18 into equation 12.17, we get 
1 
A =log| = 
(a) 
=-lo 
er (12.19) 
e. Both 


m of transmittance 


Hence absorbance is equal to negative logarith 
antity, we can 


are inter-convertible. If we have the value of one qu 


jetermine the other using equation 12.19. 
12.8.4 Applications of Beer-Lambert’s law 
The value of molar extinction: coefficient can be determined using Beer- 
ction of concentration at a 


Li 
Lambert s law by plotting absorbance as fun 


particular path length. 
ed substance present 


By determination of ¢ and Amax, we can identify the color 


2. 
jn solution. 
3, The unknown concentration of given colored solution can be determined from 
the plot of absorbance versus concentration using Beer-Lambert’s law. 
12.3.5 Limitations of Beer-Lambert’s law | 
i. Beer-Lambert’s law is only valid on monochromatic light. 
2. This law 18 applicable under low concentration range where interactions 
between molecules are not taken into consideration. 
3. This law is also invalid when radiations of very high intensities are used. 
12.3.5 Deviations from Beer-Lambert’s law 
the plot of absorbance as 4 function of 


-Lambert’s law, 
th length and wavelength of monochromatic 


ssing through origin. At high 
m linear behavior. 


According to Beer 
concentration at a particular optical pa 
beam of light should be 4 stralg 
concentrations, absorbance versus 


The causes of deviation from Beer- given below: 


Lambert's law are 
bsorbs or fluo 


ances that a resce at the 


1. Presence of some external subst 
wavelength of absorption can cause deviation from Beer-Lambert’s law. 
2. Deviations may occur when light of single wavelength is not used. 
J. Polymerization of solutes during measurements may cause deviation. 
4. Association, dissociation or jonization of solute may cause deviation from the 


law. 


5. Improper slit width 
purities in colore 


may cause deviation from the law. 


d compounds may also cause deviation from 


6. Presence of im 
the law. 
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Example 12.1 

A solution of a compound having concentration 0.214 mM placed in a cel] of 
path length 1 cm transmits 25.5 % of light of a particular wavelength. Calculate the 
molar absorption coefficient of the solute. 
Solution As we know that from given data 


YT = 25.5 


Hence, 7 = 0.255 


It is known that transmittance is the ratio of intensity of transmitted light to 
the intensity of incident light so, 


/ 


A = 0.593 
As we know that _ 
A=écl 
By putting values in above equation we can get the value of absorption 
coefficient as follows 


p= —_0:593 
(1)(0.214x 10”) 


€=2771.02 Lmol'cm™' 


12.4 LAWS OF PHOTOCHEMISTRY 
The basic laws of photochemistry are 


i Grothus-Drapper law 
2. Stark-Einstein’s law of photochemical equivalence 


1. Grothus-Drapper law 


This is known as 1% law of photochemistry (also known as principle of 
photochemical activation) and it can be stated as “only absorbed light can cause a 
chemical reaction or only those radiations which are absorbed by a reacting system 
are effective in producing chemical change”. According to this law absorbed light may 
initiate reaction but it is not always true because absorbed light may re-emit in the 
form of fluorescence and phosphorescence. For a photochemical reaction it is 


iinet absorb the light. So it is important to determine the intensity of light 
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‘ a system. The i i 
: he intensity of absorbed light can be measured using 


asorbee of absorbance. According t 
agit OO ds . According to this definition, ab ; ; 
rip cident light and intensity of transmitted light is eet —_ pant mesial 

A= log 

[, 

d It is the intensity of 
on of solution (c) and 
d mathematically as 


Where, I, is the intensity of incid 

, ent light an 

mans ted light. The quantity A is associated with concentrati 
eth () according to Beer-Lambert law which can be state 


A=ecl 


Where, & 38 oa molar absorption coefficient. It is independe 
ath length. It is the characteristics of chromospheres. 


nt of 


concentration and p 
By combining above equations, we get 


] 

loa = ecl 

2s. « 10 

- 20 

ji =t,0" (12.20) 
Intensity of incident light can be expressed as a sum of intensity of absorbed 

light and that of transmitted light i.e. 

|, =i F I, 

t=l,-h (12.21) 
By putting the value of It from equation (12.20) into equation (12.21), we get 


i = I, - 1,107 


= 1, (1-10) 


According to Grothus-Drap 


reaction, This law is purely qualitative 4 
the amount of light absorbed by 4 system and the num 


reacted. 


se of photochemical 
elationship between 
ber of molecules which have 


only Ia is the cau 


valence 

Jained by Johannes Stark 
ry of light by proposing a 
y which is also named as ° 


2, Stark-Kinstein law’s of photochemical equi 

The quantitative aspects of pho 
oo Albert Einstein in 1905 with the help of 
mi Stark-Einstein’s law is gnd Jaw 0 
Photochemical equivalence law. It is stated 


light, absorbs only one quantum of light wh 
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substance undergoes a photochemical change, each quantum of energy absorbeq 
results in the decomposition of one molecule only. They studied that each molecule 
taking part in the reaction absorbs only a single quantum or photon of light. The 
molecule that gains one photon-equivalent energy is activated and enterg into 
reaction. This process is explained with the help of example as shown in Fig. 12.1, A 
molecule A absorbs one photon and becomes activated to carry out a photochemica] 
reaction. Then activated molecule (A*) is converted into product (P). 


Light enery 


x” 


Fig. 12.1 Pictorial illustration of a photochemical reaction 


. When a photon is absorbed by a molecule, energy is transferred to a molecule. 
The amount of energy of a photon according to Planck's equation can be written as 


(12.22) 


he 
A 

Where, h is the Planck’s constant (6.626x 10-34 Js), c is the velocity of light in 
vacuum (3108 ms*!), u is the frequency of light absorbed and A is the wavelength of 


light. 
In chemistry reactants or products are given in term of moles instead of 


molecules. Therefore, photons are also expressed in terms of moles. One mole of 
photons is known as an Einstein. The amount of energy transferred to reactants by 


an Einstein is given by the equation 


h 
E=N, i _ (12.23) 


| From above relation it is inferred that energy is inversely proportional to 
wavelength of radiation absorbed. It means that higher the wavelength, the smaller 
will be the energy per Einstein. This law is concerned with the primary 
photochemical! process in which one atom or molecule absorbs only one quantum of 
photon of light. Thus in the primary process, the number of molecules which are 
activated is equal to the number of quanta absorbed. An atom or molecule activated — 
_ photochemically may initiate a sequence of reactions so that many reactant 
molecules may undergo chemical change through chain mechanism. In such cases, 
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of reactant molec 
ules transformed into product will be many times the 


the pumber 
if of photon absorbed. However, in some ; 
nv mbe of reactant molecules suffering ch canoe: denekiy ation takes place and the 
oY to absorbed. Hence, Einstein law of ‘* ue wl be less than the number of 
wen ated to mean ol cesta while ‘ae “ae gee equivalence should not be 
jute i, but that only one at olecule will react per quantum of light 
pgorbe ’ om or molecule i . 
abs”. cule is activated by each quantum of 
qdiation 
gsample 12.2 
Calculate the energy corresponding to the followings: 
5 = 3650 cm” =3,65x10° m" 
Gi) y= 1.5444" 
(ii) p= 5x10" Hz 
Solution 
We know that 
E=hv 
And UV coe 
A 
Then, E= id 
A 
Where, v= Ls 
A 
So, above equation will be 
E= hcv ; 
(i) E=hev 
By putting values in above equation we get 
F = 662x107" x 2.9979! 0° x3.65x10° 
E= 7.25x10” J 
(it) he he 
A ’ 
By putting values in above equation 
_ 6.62 1074 x 2.9979 x 10° 


= 1.544x10°° 


F=1.286x10" J 


— 
a 
Fs 9p) aa Es 

ie 
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(iii) E=hv 
By putting values in above equation we get 
E =6.62x10"x5x10" 
E=3.313x10" J 


12.6 QUANTUM YIELD AND ITS EXPERIMENTAL DETERMINATION 


The law of photochemical equivalence applies to primary photochemical 
processes, i.e., where the products do not undergo further reaction. In such cases the 


number of molecules reacting will be equal to the number of energy quanta absorbed. 
In most cases, a molecule 


What happens thereafter is beyond the scope of this law. 
activated photochemically, may initiate a series of thermal reaction called secondary 
reactions. As a result of these secondary reactions many reactant molecules may 
undergo chemical changes by absorbing one quantum only. In such cases there will 
be no 1:1 ratio between reacting molecules and quanta of energy absorbed. In some 
cases, a molecule may be deactivated photochemically under deactivation. Then, less 
than one molecule may react per quantum of light radiation. To express the 
relationship between the number of molecules reacting with the number of photon 
absorbed, the concept of quantum yield or efficiency (¢) is introduced. Quantum yield 
measures the efficiency of a photochemical process and it indicates that whether the 
reaction is simple of complex. 

“The number of molecules reacted per photon of light absorbed is known as 


quantum yield”. It is expressed as 


je No. of molecules undergoing the process 
No. of quanta absorbed 


jn No. of moles reacting in the given time 
No. of einsteins absorbed in the same time 


It is observed that it is not necessary all photochemical reactions obey 
Einstein’s law. The number of molecules undergoing the process in the presence of 
light is found to be different from the number of quanta absorbed in given time. 


The quantum yield is equal to one for a photochemical reaction which obeys 
the photochemical equivalence law in which one molecule is converted into product 
per quanta. If more than one molecule are decomposed by absorbing one quantum the 
quantum yield of that reaction is greater than one. Similarly, the quantum yield is 
less than one for a photochemical reaction when number of decompose molecules is 
less than one per quanta. The quantum yield varies from 0 to 106, No matter how 
large or small ¢ may be, the law holds for primary photochemical process. 


Reasons for high quantum yield 
The following are the reasons for high quantum yield: 


(i) Many photochemical reactions produce atoms or free radicals which initiate 
series of chain reactions in which more than one reactants undergo chemical 


change. 
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ee 
mation of an intermediate product acting as a catalyst 


For 

ii) . 
“a The reactions may be exothermic and as such the heat evolved may activate 
Gi) other molecules and thus react without absorption of other quanta of light. 


The active molecule may collide with other molecules and activate them 
(iv) which in turn activate other molecules. 


sons for low quantum yield 
é 
The various reasons are: 


Deactivation of excited molecules may takes place before they are able to 


() form products. 
Excited molecules may lose their energy by collision with non-excited 
(ii) 1 
molecules. / 
Molecules may not receive energy sufficient enough to enable them to react. 


(ii) 
(iv) 
(v) 


The primary photochemical process may be reversed. 


The dissociated fragments may recombine so as to give low yield. 


Experimental method for determination of quantum yield of a photochemical 


reaction is given below. 


A photochemical reaction takes place by the absorption of light by reacting 


molecules. Thus, it is necessary to determine the intensity of absorbed light to study 
the rate of photochemical reaction. For this purpose a reaction mixture is irradiated 
with light of a selected wavelength. A light source is used to emit the radiations of 
suitable intensity. Tungsten filament or mercury vapor lamps are used as a light 
source. The light beam coming from the source passes through the lens which is used 
to select the radiations of one wavelength. After passing through lens, light enters 
into monochromator or filter. Then, light enters into the sample cell having sample 
mixture which is kept in a thermostat. The sample cell used is made up of glass or 
quartz which is suitable for the entrance or exit of light. Glass cells are usually used 
when visible region radiations are required. But below 3500 A only quartz cells are 
used. Finally, transmitted light from sample cell strikes the detector where its 
intensity is determined. Mostly used detectors for the measurement of intensity of 
transmitted light are thermopile, photoelectric cell and actinometer. A thermopile is 
essentially a multifunction thermocouple which is previously calibrated against a 
standard source of light. Instead, a commonly used actinometer is the uranyl oxalate 
actinometer consisting of 0.05 M oxalic acid and 0.01 M uranyl sulfate in water. On 
exposure to radiation the reaction takes place the extent of which can be ascertained 
by titrating the remaining oxalic acid with potassium permanganate. This reaction 


has a quantum yield of about 0.5. 
UO22* +hv — (UO 
(UO22+)*+ H2C2041 — COz (g) + CO (g) + H20 (/) 


measured first with the empty cell and then the 
his way, first reading gives the intensity of 
the intensity of transmitted light (I) from 
hese readings (Io — I) gives the value of 


g2t)* 


cell fi Thus, the intensity of light is 
cide ed with sample mixture. In th 
sample. light (I.) and second reading gives 

@ mixture. The difference between t 


, 
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s possible to collect data on the 


absorbed intensity by sample mixture. In this way it 1 Z 
. © ‘ . . ‘ oi6 tum jeld 

: ntensity, from which rate law an‘ quan y | 
rate of chemical reaction and light 1 y oy ele te 


can be determined. An experimental setup for determina 


shown in Fig. 12.2. 


be s 


Light source 


Detectcr 


Lense Fiter or monochromator faa cell 


Fig. 12.2 Experimental setup for determination of absorbed intensity 


12.6 PHOTOPHYSICAL PROCESSES 
stem and relaxation of electronically excited species 


Light absorption by a sy 
by various ways is called photophysical process because in such processes chemical 
change does not occur. Species absorb light and move into electronically excited 
‘tation. System can lose this extra 


states. This photophysical process is called exci 
energy by different processes which are known as relaxation processes. These 


relaxation processes include radiative and non radiative relaxation processes. 


Internal conversion, intersystem crossing and vibrational relaxation are non 
and phosphorescence are radiative processes. All 


radiative processes. Fluorescence 
be explained on the basis of Jablonski diagrams as 


these photophysical processes can 
shown in Fig. 12.3. Alexander Jablonski, a Polish physicist who developed these 


diagrams to explain the kinetics of processes initiated by electronic transitions. 

In Fig. 12.3, ground singlet state is shown by So where, spin multiplicity is 
ns are in paired form. The first excited singlet state is shown 
by S: where spin multiplicity is equal to one. The first excited triplet state is shown 
by T: where, spin multiplicity is equal to three and electrons are not in paired form. 
Each electronic state (So, S1 and T:) has rotational and vibrational energy levels But 
for simplicity only vibrational levels are shown in Fig. 12.3. The lowest vibrational 
level of each electronic state is shown by dark horizontal lines and higher vibrational 
levels are shown by lighter horizontal lines. The radiative and non radiative 
processes are shown by solid and wavy arrows respectively. The loss of excess 
electronic energy through emission of photon is called a radiative process and the loss 
of excess electronic energy without emission of photon is called non radiative 
relaxation process. We shall briefly describe these photophysical processes on the 


basis of Jablonski diagrams given in Fig. 12.3. 


equal to one and electro 
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- Ist Excited singlet state 
Span mnultipheiry=1 
Spm miultiphcity=3 
Vibrational relaxation 
‘non rachatve —-- 
a han eenal 
"rabonal relaxati = adiatn: 
non radiatve’ 


(is 


es, ‘ T; (First exerted triplet state) 


oon) ee | 


% S (Grom singlet state) 


Fig. 12.3 Jablonski diagram indicating radiative (solid arrows) and non radiative 
(wavy arrows) processes. 


12.7 NON RADIATIVE RELAXATION PROCESSES 


Vibrational relaxation (VR), internal conversion (IC) and intersystem 
crossing (ISC) are non radiative processes. The transition from higher vibrational 
level to lower vibrational level of an electronic state (So, Si or T;) without emission of 


light is called vibrational relaxation. The decay from the lowest vibrational level of S1 


to a high vibrational jevel of So is referred to as internal conversion. Internal 
SiS and its rate will be equal to 


conversion schematically can be represented as 
kie(S:] where, kic is the rate constant for internal conversion and [Si] is the 


lectronic state at any time t. 


concentration of species in first excited e 
n change. The transition from Si to Ti or Ti 


Intersystem crossing involves spi 
The rate of process S,—*—>T, will be 


to So is referred to as intersystem crossing. : 
equal to k‘,[S,] where, kj, is the 1* order rate constant for intersystem crossing for 


S: to T; transition. Similarly the rate of the process 7 ——s, will ‘be to ki.[S,] 


where k™ is the 1*t order rate constant for intersystem crossing for T; to So transition. 


Ise 


12.8 RADIATIVE RELAXATION PROCESSES 


Fluorescence. and phosphorescence are radiative relaxation processes. 
Fluorescence is the emission of radiation that causes molecular transition from an 
excited to a ground state without change in spin multiplicity. Since electrons in 
molecules are paired according to the Pauli exclusion principle, the initial absorption 
is from the ground-state singlet So to the first excited singlet Si(or some higher 
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escence might appear to exactly reverse of the 
the atomic level, but comparing the absorption 
f molecules shows them not to be superimposed on each other. 
Instead, they form the mirror image of each other, with the emission spectrum 
displaced toward the longer wavelength (Figure12.3). Since the time required to 
execute a vibration (about 10-4 to 10° i h faster than the decay or mean 
lifetime (about 10° to 10° s) of the fluorescent stat t of the excess vibrational 
energy dissipates to the surroundings as heat, and the excited molecules now decay 
fyom their ground vibrational levels. While phosphor 
for the return of an excited molecule to the ground state wl 
Phosphorescence can be readily distinguished from fluorescence by two 
characteristics. First, phosphorescence has a much longer decay period than 
fluorescence, about 10° s to several seconds. Second, a molecule in the 
phosphorescent state is paramagnetic containing two unpaired electrons; that is, it is 
a triplet state (Figure 12.3). Initially, an electron is promoted from So to S:. The 
promotion is followed by a process called radiationless transition, in which the 
electron flips its spin and drops from Si: to T;, the lowest triplet level, without 
emission of light. In the end, a radiative transition from T, to So occurs. This step is 


called Phosphorescence. 
Fluorescence is a radiative relaxation process in which photons are emitted 
ange in spin multiplicity. So the 


as a result of transition from Si to S. without ch 
process of fluorescence can be represented schematically in the following way 


singlet level). At first glance, fluor 
absorption process. This is true on 


§, “0S, + hv 


The rate of fluorescence process can be written as 
v, =k,[S,] (12.24) 


Where ur is the rate of fluorescence, kr is the 1st order rate constant for 
fluorescence and [Si] is the concentration of fluorescent material at electronically 
excited state S: at any time t. the units of kr are s'. 


Another radiative process is phosphorescence. It is relaxation process in 
which photons are emitted as a result of transition from first excited triplet state (Ti) 
to the ground state (So) with change in spin multiplicity. The process of 
phosphorescence is slow as compared to that of fluorescence. Phosphorescence 
schematically can be written as 


G Hag +hv 
The rate of phosphorescence is 
v, =k,{T] (12.25) 


Where up is the rate of phosphorescence, kp is the 1*t order rate constant for 
phosphorescence and [T;] is the concentration of species in first excited triplet state 
T1. The units of kp are s"!. _ 
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abse 
12.9.1 Fluorescence life time in the absence of quencher 


The rate of consumption of species in first excited singlet state (Si) as a result 
of relaxation processes can be written as 


d[S,]/dt =-K,[S,]- K,.[S,]- K*,.[8)] 


d[S,]/dt =-(K, +K,, + K*,. [S,] 


aw Intersystem crossing 


(Kisc’) 


ees T: 
Intemal conversion = 
(kic) 


Si 


er od 
kl 


_~ Phosphorescence 


tt a (kp) 


So 


Fig. 12.4 kinetic description of photophysical processes Le. radiative (solid arrows) 
and non radiative (wavy arrows) 


By separating variables and integrating above equation, we get 
{ a{S,]/[S1]}=-(K; + Ki + K‘,.)| at 
InIS,] = CK, + K;, + Ke, )t+¢ (12.26) 


The value of constant of integration ¢ can be obtained using initial conditions. 
Le when t = 0, then [Si} = [SiJo by putting these values in equation (12.26), we get 


In[S, | 2¢ 
By putting value of c in equation (12.26), we get 


infS,] = -(K, + Kj. + K',,) t+ lnlS, 
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Inf{S,]—In{S,], = -(K, +K,, +K",,)t 
InfS,]/(S,], = -(K, + K,, + K°,,.)t 
[S,]/[S,], = er o%er¥= 
[S,]=[S, ],e-%rhe rhs (12.2) 


According to this expression, the value of concentration of species at first 
excited electronic state (S:), decreases exponentially with time due to relaxation 
processes as shown in Fig. 12.5. 


The fluorescence life time 
can be defined as “the time for which 
[Si] becomes 1/e times of initial 
concentration”. Therefore 


ams is} 
t=t 


When [S,] = [Sk then so equation [S2] 
e 


12.27 will be 


[S, 1, le = [S, ] eerie Rint 


e! = Thalia? 


time (t) 


Fig. 12.5 Variation of concentration of specie 


— —! 6 ° . . . . . 
-1=-(K, +K, +K*,,)e*, at first excited singlet state with time 


1=(K, +K,, +K%,,)+°, 


0 ] 


T= (k, +k, +k) (12.28) 


ISC 


This is the expression for fluorescence life time in terms of rate constants for 
fluorescence, internal conversion and intersystem crossing. Fluorescence life time 
decreases with increase of values of these rate constants. 


12.9.2 Fluorescence quantum yield without quencher 


The fluorescence quantum yield can be defined as ratio of rate constant for 
fluorescence to the sum of rate constants of all relaxation processes. 


Mathematically, it can be written as 


4° ky (12.29) 


£"y P s 
k, +k,. +k;,. 


So, fluorescence quantum yield depends upon the value of rate constants 
associated with fluorescence, internal conversion and intersystem crossiNé- 
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increases with increase of kr and decreases with increase of k,,andk;,. It becomes 


ane 


maximum when sum of k,and k‘.is negligible as compared to kr. Fluorescence 


ise 
quantum yield can also be defined as number of photons emitted as a result of 
fluorescence divided by total number of photons absorbed. 
12.9.3 Fluorescence life time in the presence of quencher 


The decrease in the rate of fluorescence in the presence of an external 
substance due to the collision of electronically excited molecules with molecules of 
external substance is called fluorescence quenching. The foreign substance is called 
quencher. Quencher removes excess electronic energy from molecules and converts it 
from state Si to So as shown below. 


S,+ Q—*>5, +Q 
The rate expression for non radiative quenching process can be written as 
v, =k, [S,][Q) 


Where, vq is rate of quenching, kq is bimolecular, second order rate constant 
for quenching process. [Q] is the available concentration of quencher and [Si] is the 
concentration of species in first excited electronic state. The rate of decrease of 
concentration of species at first excited electronic state as a result of internal 
conversion, intersystem crossing, fluorescence and quenching process can be written — 


as 
d(S,]/dt = -K,[S,]-K,,[S,]-k°,,[S,]- Kal, IQ] 
d[S,]/dt = -{K, +K,,+K,,, + K [Qus, } 
By separating variables and integrating above equation 
[ afs,1/I8,] = {K, +K,.+K°,. +K, [QB] dt 
InfS,] = -{K, + Ki,+ Ke + K,[Q}it+¢ (12.30) 
(c) by applying boundary conditions 
) will be 


We can determine the value of constant 
When t = 0 then [S,] =IS,], so. equation (12.30 
In{S,], =¢ 
By putting this value ofc in equation (12.30), we get 


InfS,] = {Ky + Ki. + Kise * K,[Qbt + infS, |, 
InfS,}-InlS,], =~; + Ke + Ke # K,[Qhit 
In(8,1/18,)p =—t&, #Kie +K'e + KyLt 


[S,]/1S,}) = e— Kr + Kc + Be * K [ht 
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[S,] =[S,],e-{K, +K,, +K’,, + K,[Q]}t (12.31) | 


Hence, population at Si exponentially decreases with time more rapidly jn 
the presence of quencher as compared to that in the absence of quencher. 


Fluorescence life time expression can be derived using condition: 


When, [S,] = [Silo then t = 1, So, equation (12.31) will be 
e 


[S, F fe= [S, a einem 


=] | IK eRigt Kg tg IQUity 


e" =e 
1 ={K, +K,, + K*,, +K,[Q]h, 
Hence, fluorescence life time in the presence of quencher can be written as 
{kp +k, +k}. + k,[Q)} 


So, value of fluorescence life time decreases with increase of quencher 
concentration. 


(12.32) 


12.9.4 Fluorescence quantum yield with quencher 


According to definition of fluorescence quantum yield, the expression for it in 
the presence of quencher can be written as 


ky 


o = k, +k, +k, +k,[Q] 


(12.33) 


Hence, fluorescence quantum yield decreases by addition of quencher. The 
value of ¢, decreases with increase of concentration of quencher. 


Example 12.3 


Calculate the value of fluorescence quantum yield for ‘ =1x10""’s and 
k, =5xl0"s'by assuming that rate constants for intersystem crossing and 
fluorescence quenching are small. 


Solution 


As we know that. 


a. 
k, +k,, +k,,. +k,[Q] 
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Since, k,,, and k, [Q] are negligible. So, above equation will be 


= (i 
* Ky +k,, 
7 l 
Ok, +k, 
l 
10°" = 
ns k, +k, 


— 
re TO 


k, +k,, =1x10" (ii) 
By putting value of k,, from given data in above equation we get 
k, +5x10* =1x10" 
k, = 1x10" -5x10" 
(iii) 


k, =9.5x10" s” 
By putting values of k, +k,, andk, from equation (ii) and (iii) respectively into 


uation (i) we get the value of 6, . 


eq 


$, =9.5x10" x1x10"° 


b, = 0.95 


Example 12.4 : | 
| hk. =1x10’s”, & =2x10’s' and k,. = 1x10*s"' calculate the fluorescence life 
If te =m i OE — ise | 
ield i of quencher. 
time and fluorescence quantum yield in the absence of q 


Solution 
As we know that 
| 
fp =———1 
, (k, * kie + ki.) 
By putting values from data in above equation we get 
l 


Ty = 7.69x10°s 


r= 7.69 ns 
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k, 7 k,. + hive 
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By putting values from data we can get 


ite: 2x10’ 
‘~ (2x10")+(1x10’)+(1x10*) 


#7 = 0.1538 


12.9.5 Stern-Volmer equation in terms of fluorescence life time 


A mathematical expression between fluorescence life time and quencher 
concentration can be presented which is known as Stern-Yolmer equation. 


Dividing equation (12.28) by (12.32), we get 
t,)/t, =1/K, +K,, +K°,,. xK, +K,, + K*,, +K,[Q]/1° 


t, /t, =K,+K, +K*,, /K,+K,,+K*, x K,(Q]/K,+K,+K*,, 


ty /t =1+K,r° [Q] 


~* versus [Q] is a straight line 
Tr 
equation with intercept form where 
intercept is equal to unity and slope of 
the plot is equal tok,z/. The value of ka 
can be determined from the slope. This 
expression is called Stern-Volmer 
equation. 
When kr >>>>> kic + kise’ then 
I 
Tt, =———___ 
k, +k [Q] 


[Q] 


1/1, = K, +K,[Q] 
Fig. 12.6 Plot of 1/tr versus [Q] 


This is an equation of straight line as 
shown in Fig. 12.6. 


1, Stern-volmer equation in terms of fluorescence quantum yield 
Dividing equation (12.29) by (12.33), we get 
$°, / 9, = K; /K,+ K;, + Kone xK, + K,, s al + K,[Q]/K, 


6°, /g =1+K,1°,[Q] - 
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t] 
4° yersus [Q] is an equation of straight line with y intercept >”, / =1+K,ty (Ql 


en ig equal to one and slope is equal to k,t; . 


stern-Volmer equation in the form of fluorescence intensity 
2. 


: a 
The net rate of formation of species at first excited electronic state Si as 


gult of absorption and relaxation in the presence of quencher can be written as 
re 
afS.} =k, (S,] Pr k[S,] - k,.[S, }- ki,_[8,] * Kk, (S,](Q] 
dt 


Using steady state approximation, we get 
0=k,(S,]-k,[8,]-k,{S,]-,8,]-k,(S,]() 
k,(S,] = k,{S,]+k,,[S,]+k:,,[8,]+ k,[S,]{Q] 
k,[8,]={k, +k, +i, +k [Q]}IS,] 

Using equation (12.32), we get 


S] _\ (s] 


Tr 


[s,]=k,[S,]r, 
The fluorescence intensity is the rate of fluorescence which can be written as 


I, =k,[S,] 
alue of [S:] from equation (12.34) into above equation we get 
(12.35) 


(12.34) 


By putting v 

I, = k,k,1,[8,] 

Equation (12.35) is expression for fluorescence intensity in the presence of 

i terms ‘of rate constants for fluorescence and absorption process, 

id life time and concentration of fluorescent material in ground singlet 
state, The same expression in the absence of quencher can be written as 


1° =k,k,171S,] clz89) 
Dividing equation (12.36) by equation (12.35), we get 

IP kk, t/S,] 

I, k,k,t,[S8,] 

Ey ¢ (12.37) 

I, % 


By putting values of Ty and T, from equation (12.28) and (12.32) respectively 
into equation (12.37), we get 
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a 1 k, +k, +k, +k [Ql] 
I, k, +k, +k‘, 1 
Ir re k, + k,. + ki. k, Q) 


ei 
I, k, +k, + ki. * ky + k,. + ki. 


LF ae kK, [Q] (12.38) 
I, k, +k, +k: 


is¢ 


Using equation (12.28), we 
get 


ce . 23° 

L =1+k,7[Q] (12.39) 

Equation (12.39) is an Slope = kar# 

equation of straight line in intercept a G 

form and can be used for | 

determination of k, by plotting Las 
t 

a function of quencher concentration 

as shown in Fig. 12.7. 


When kr >>> kic + kise then 


equation (12.38) can be written as [Q] 
I k Fig. 12.7 Plot of I/Ir as a function of 
* 1+ 7a quencher concentration [Q] 
f f : 


. , ; E ‘ ‘ ; 
According to this expression 738 a linear function of concentration of 
f 


. k 
quencher with intercept equal to one and slope equal to 
f 
Example 12.5 


The Stern-volmer equation for fluorescence quenching is 


fn 
7 72 


| +——__+___ 
g, k, +k + 


ise 


is called quenching constant and is denoted by kw. 


Where, 


sc 


Calculate the value of ksy for the data 
h, =2x10" s', k,, =3x107 s", ki, =4x107 5", k, =4.10x10"' dm’ mols” 


k, 
k, +k, +k, 
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; tn 


k 


k. =—_—_t——. 
“ ky +h, +k, 
By putting values in above equation we get 
(2x10) +(3x10“)+(4x107) 
k,, =1.7 Lmol™ 


12.10 KINETIC ASPECTS OF PHOSPHORESCENCE 


The process of phosphorescence includes the radiativ 
state to ground singlet state which is the lowest vibrationa 


12.8. 


e transitions from triplet 
1 Jevel as shown in Fig. 


Si 


So 


photophysical processes 


Fig. 12.8 Kinetic illustration of 


Scheme of this process is 
i —2>S, +hv 


Rate of above reaction can be written as 


v, =k wl) 
Where vp is the rate of phospho 
constant having units s*!. 


Delay rate of [T1] is 


rescence, kp is the phosphorescence first rate 


aT) _ iy. prJ- kT] 
dt r 


d(T, : 
AT - (4, +H) 
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By separating variables and integrating above equation we get 


q(T] ‘ 
[a [tT -(k, +k?.) fat 
In{T,] =-(k, +kz.)t+e (12.40) 


When t = 0 then [T1] = [TiJo so, equation (12.40) will be 
In{T,], =c 

By putting value of c in equation (12.40), we get 
In{T,] = -(k, +k?, )t +In[T,], 


In(T,}- Inf], = -(k, +7, )t 


(T,] 

nip] =~(k, +kj.)t - 
lhl. 
"Tr 2 =(k, +ki.)t (12.41) 


This is an equation of straight line passing through the origin. This equation 
can be used for the determination of sum of k,, and kj because the slope of the plot of 


man 


—— versus time is equal tok, + le. 


12.10.1 Relation of Phosphorescence Life Time 


(T,] t 
nie = -(k, +ki.)t 


(T,] _ (kote) 


(7) =(7,],e%"* 


When IT, ]= Mi, , 
e 


_ 0 
=T,.So 


-(k,+kE rs 


Mi, tT ],¢ 
e 


2D ie e (ink) 


1=(k, +ky.)t° 


ao 
Let . 
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(12.42) 


r° = ee 
J (k, a k".) 
osphorescence life time in the absence of quencher. 


This is the ph 
antum Yield of Phosphorescence 


2 2 
; , _ Rate of phosphorescence emission 


12 
Rate of absorption of radiation 


a 
, = erat (12.43) 
>, “e I 


mation of [S:] is 


Net rate of for 
a =[, -k, [S,] -k,[S,]- k®(S,] 
t ° 


plying steady state approximation, we get 


By ap 
0 =1, —kyl8,]-k[8,]-ki.(8,] 


i. = (k; +k, +k*, [S,] 

I, (12.44) 
ae 
s,] k, + k. mi Kise 


Similarly, net rate of formation of [Ti] is 


et _Ke {gs )-KLT)-4 (0) 
By applying steady state approximation, we get 
=k! [S,]-kj.[T)- k [1] 


(k, + kz. )[T, | = k®.[S,] 


(i, +7, )(T,} = k..LS.] 
(12.45) 


By substituting value of [S:] from equation (12.44) into equation (12.45), we get 


ks iP 


0 eo 
1 ko +k™ ky +k, + is 


Lk‘. 
[T a a isc 
’ (k, +h (ky +k,, +k.) 
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By putting the value of [T1] in equation (12.43), we get 
k k® 
ee i. (12.46 
" (k, +k? )(k, +k, +ki) 
12.10.38 Phosphorescence Quenching 


Deactivation by another molecule called quencher and the process is called 
quenching. Quenching provides a way for determination of rate constant of 
phosphorescence and rate constant for quenching. 


12.10.4 Phosphorescence Life Time in the Presence of Quencher 
T, +Q—*45, +Q 
Delay rate of [T] is 
d(T, ] 


Fo = TI - KIT I-k, [QT] 
d(T, ] T 
<= -fk, +k, +k (QHIT] 


By separating variables and integrating above equation, we get 


d(T, ] © . 
Wey = -{k, ba k,,. + k,(Q]} ft 
InfT.] = -{k, +k?, +k, [Ql}t +c (12.47) 


When t = 0, then [Ti] = [Ti]o so, equation (12.47) will be 
In{7,J,, =¢ 
By putting value of c in equation (12.47), we get 


In[T,] = -{k, +k}, +k [Qh +InIT]], 


isc 


In{T,]- Inf], = -{k, +ki, +k [Qh t 


1sc 


[T] 

nity = -{k, +k}. +k,[Q}t 
(1), 

Inte] ={k, +ki +k [Q}t 


This is an equation of straight line passing through origin with slope equal 
tok, +k? +k [Q]. 


18c 


[T,] Sj o ttre +k,[Qi}t 


————_ 


(T,], 
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(T] = (T, Leh rk lait (12.48) 


(T), a 
When [T,] = then t = t, so, equation (12.48) will be 


nm. ], -{k,, +kt +k, (Ql, 


=(T,],e 


a wt a thee +k Ql}, 


1={k, +ki. +k,[Q]}+, 


isc 


1 
a: 2.49 
° ki, +k. +k, [Ql oe 


T 
e in the presence of quencher. With the 


This is the phosphorescence life tim 
e decreases. 


increase of quencher concentration, phosphorescence tim 


tum Yield of Phosphorescence in the Presence of Quencher 


12.10.56 Quan 
‘= Rate of phosphorescence emission in the presence of quencher 
P. Rate of absorption 
b, = a (12.50) 


Net rate of formation of [Si] 
lS.) _y 4, {8,]-K((S,]-¥i 18) 
dt 
By applying steady state approximation 
0=1, -k,{S,]-klS,]-.18,] 4 


I, = {kj. + ky +k }[S,] 


I 
S |] =—_——_ 12.51 
Sd a +k, _— 


Similarly, the net rate of formation of [T:] in the presence of quencher is 
aT, 
A 24. f5,)-kyI)-KLIT- k (QT) 


By applying steady state approximation, we get 
kS.[S,]={k, +ki. +k, (Qh}(T)] 
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s 
oe k +k, +k (Q) 


isc 


By putting value of [Si] from equation (12.51) in above equation 
kS I 
(T] os ; isc . a - 
k, +ki, +k, [Q] k,, +k, +k; 
Putting value of [Ti] in equation (12.50), we get 
k ks i? 


4 a . (12.52) 
> (k,. +k, +i, )(k, +k, +k, [Q]) . 


Dividing equation (12.52) by (12.46), we get 


>, k ke (k, +k? (i, +k, + k*,.) 
a (k, +k, +k, )(k, +k", +k, (Ql) k ks, 
> k,+ k. 
pk, +kL +k, (Ql 
gp ok, +e +k,[Q 
‘ k, +ki. 
6 k, 
oo 14 [a] 
Pp k, +Kie 
gtk lal (12.53) 
p 


This equation is called Stern-Volmer equation for phosphorescence 
quenching. The rate of the intensity (T)) of phosphorescence in the absence of 
quencher to the intensity (/ a? of phosphorescence in the presence of quencher “is 


proportional to the ratio of the quantum yields so above equation can be written as 


Tc Oo 


as =1+k 1 (Q] (12.54) 


— 


12.11 THE PHOTOCHEMICAL REACTION BETWEEN BROMINE AND 
HYDROGEN 
The chemical reaction between hydrogen and bromine gives hydrogen 


bromide. The reaction can be initiated by heating or irradiation process, Mechanism 
of thermal reaction is described in chapter 5. In this section we shell discuss kinetics 
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sm of this reaction initiated by light absorption. Initiation step in 
ion, Chain 


mechan ; : ; 
an ochemical reaction is different from that of the thermal reacti 
pb ation and termination steps are same in both cases. In thermal reaction 
ine radicals 


ig thermal decomposition of bromine molecule into brom 


pation coral: , meet 
“4 photochemical reaction the initiation step is dissociation of bromine molecule 
tum yield 


Je in P . 
. sult of absorption of light of sufficiently short wavelength. The quan 
* his yeaction 18 0.01. 
0 
The overall reaction can be written as 
H, + Br, _ho_, opr 
The experimental rate law expression for the above reaction was found to be 
1/2 
d{HBr] . k[H, JI 12.55) 
dt [HBr] 
1+k 
[Br, ] 
Where k and k' are constants and I is intensity of absorbed light (expressed 
in Einstein dm-3s!). The mechanism of the above reaction is given below: : 
a) Br, —>Br'+Br (Initiation) . 
b) Br’ +H, — HBr +H" 
c) H'+Br, —s_»HBr + Br’ 
d) H+ HBr—:>H, + Br’ (Propagation) 
(Termination) 


e) Br'+Br’ —s_»Br, 
The rate of formation of HBr from the above mechanism can be written as 
aHBr] _y. (py JIH,]+k,(Br JH] — (HBr) 

dt 
d(HBr] = k,{Br’][H,]+ {,[Br,]-k, (HBr]}(H'] (12.56) 
The concentration of Br’ and H*can be determined using steady state 
approximation. From above mechanism rate of formation of bromine. radical can be 
written as 


d{Br*] = 2k I-k, (Br’]{H,] + k,[H][Br,] +k, [HBr][H*] = 2k,[Br* y 
dt _- : 


0 = 2k, I-k,[Br’][H,]+ k,{H’][Br,]+, [HBr](H"]-2k,[Br’ F 


ke [Br’ HUH, } + 2k, Br’ P = 2h, P+ |{Br,]+k,(HBrI(H") 


k, (Br’][H,] + 2k,[Br" P = 2k 1+ {k, (Br, ]+ k, [HBr}}[H"} (12.57) 
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Two unknown quantities i.e. [4 ‘] and [ Br’ ] are still present in equation 
(12.57), so we cannot evaluate the value of one quantity without knowing the other, 


Applying steady state approximation on rate of formation of hydrogen radical we can 
get the expression for concentration of hydrogen radical as 


d(H") /dt = k,[Br*][H,,] -k,[H"][Br,]- k,[HBr][H"] 
0 =k, [Br'][H,,]-k,[H*][Br,] -k,{HBr][H’] 
k,[Br*][H,] = {k,[Br,] +k, (HBr}[H"] 


k, [Br*][H,] (12.58) 
. {k, [Br,]+k,{HBr} 
By putting the value of hydrogen radical concentration from equation (12.58) 
into equation (12.57) we get 


[H*] = 


He [Bie JUELg) + Oke (Be P= ae, Te th, 1B) +k Bel eT i [Bel 


k, [Br*][H,,]+2k,[Br’}’ = 2k,I+k,[Br’][H,] 
2k, [pe Ff =2kt 
k {Be =k] 


[Br]? = Cor 


5 
° k, 1/2 1/2 
[Br*] = (—)'"1 (12.59) 
; k, 


By putting the value of [ Br’ | into the equation (12.58) from (12.59) we get 


k, (Kiy2 fo [H, ] 


[H*] = i [Br, 1+ k, [HBr] (12.60) 


By putting the value of [ Br’ Jand [H" | from equation (12.59) and (12.60) into 


equation (12.56), we get expression for rate of formation of HBr in term of 
concentration of Brz, HBr, Hz and intensity of the light absorbed. 


k, (Lye Tl’? [H, ] 


d{H Br] on k, 2 71/2 . 5 | 
_ Ele I'”+{k,[Br, ] oie k [HBr 
k,lBr,]— k, {HBr | 


d(H Br] a k, 1/2 71/2 
=a we Ot tan ek, Be, 


dt 5 
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d(H Br] = 12 [H, J2k, [Br, ] 


k 
due Pr: =k, (—)"1' _{H,]2k,[Br,] | 
dt k, | k, (Br, ] +k, [HBr] 


de numerator and denominator by k,[Br,] 
i 8 2 


Divi 
al Be = ake, (xyep __ (A) 
: sy Ka HBr) 
k, [Br,] 
atltBs) __K0"(H,) 
dt 1, , LHBrl (12.61) 
[Br, ] 
k, 1/2 
Where, k= 2k, (—) 
k 
i k' = a Th 
And k, 


n in equation (12.55). 


pression (12.61) is same as give 
N HYDROGEN AND 


HEMICAL REACTION BETWEE 


Ex 


THE PHOTOC 


12.12 
CHLORINE 


the presence of light 
n and Hanger 
ion for 


d chlorine in 
1930, Bodenstei 
The rate law express 


n is given below 
(12.62) 


ion between hydrogen an 


produces hydrogen chloride with explosion. In 
investigated the kinetics of this photochemical reaction. 


the reaction on the basis of their experimen 
d{HCl]/ dt = k1,[H,] B=10'—10° 


orption of light in Einstein dm“s”. They proposed 


Where Ia 1S the rate of abs 
hanism for the reaction. 


the following mec 
a) Cl,—-? 2Cl" (i) 
b) Cl’ +H, __ »HC]+H (a1) 
c) H'+Cl,—*>HCl+ cl’ (iii) 
(iv) 


d) cir—> U Cl, 
3 * 
is a photochemical 


acts with hydrogen 
with chlorine molecule to 


dicals. The combination of chlorine radical is a 
hanism was suggested in the absence of impurities 
tities of hydrogen and chlorine. The net rate of 
of HCl according to above mechanism, can be 


mechanism, steP (i) is my 
produced in 
drogen radica 


— In the above 
itdleent The chlorine radical 
sigs to produce HC] and hy 
terminati HCl and chlorine ra 
ibe he step. The above mec 
reaction, — for equimolar quant 
Writte in term of rate of formation 
nas 
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a{HCl] /dt = k,(Cl*)UH,]+k, (Cl, 119°] (12.63) 


Hydrogen and chlorine radical concentration are two unknown quantities jn 
the above expression and their value can be determined using steady stat, 


approximation. 
Hence net rate of formation of chlorine radical is 


d[Cl"]/ dt = 21, -k,{Cl][H,]+ k,(Cl,][H"]-k,[C1"] 


Applying steady state approximation 
0=2I, +k, {Cl, ][H"]-{k,[H,]+k,#{Cl"] | 
k, [H, ICI']+k,[CI'] = 21, +k,(C1,]087] (12.64) 
Similarly, net rate of formation of hydrogen radical is 
d(H"]/dt = k,(H,][CI']-k, (C1, ]047] 
k,{H, JCI] = k, (C1, J") (12.65) 
Subtracting equation (12.65) from equation (12.64), we get 
k,[Cl*] = 21, 
(Crl=21. tk, (12.66) 
By putting the value of [cr] from equation (12.66) into equation (12.65), we get 
k, (21, /k,)(H,] = k,[C1, ]{H"] 


(H") = k, (21, [H,]/k,k,[C1,] (12.67) 


Equation (12.67) gives concentration of hydrogen radical in term of 
concentration of Hz and Cl2 and rate of absorption of light. 


By putting the value of [cr Jand [ H" | from equation (12.66) and (12.67) 
respectively into equation (12.63), we get 
da{HCl] /dt = k, (21, /k,)[H,]+k,[Cl,]k, (21, )[H,]/k,k,[C1,] 


da{HCl] /dt =k, (21, /k,)[H,]+k, (21, /k, )[H,] 
~d{HCl)/dt = 4k, (I, /k,)[H,] 
dafHCll/dt = (4k, /k,)I,[H,] 
da{HCl]/dt = k1,[H,] 
Where k = (4k, /k,) 
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Ie ET care 
rate of reaction d 
epends upon rate of absorption of radiation and 


Hence 
ontration of hydrogen. The above expression is si 
pression is similar as given in equation 


between photochemical formation of HBr and HCl 


ti i 
The regeneration of Cl atom in step c (of mechanism of photochemical 


(i) ; 
i a ‘pe ay formation of two molecules of HCl, continues the 
Pile the regeneration of ‘ large number of molecules of HCl are formed. 
of the Br atom does not continue the chain reaction. 


di) eaction Score b (of mechanism of photochemical. formation of HCl) is very 
fast. Activalnon scone (Ea) for steps b & c is 5kcal/mol and easily available in 

the ener: While ai the other hand, in step b (of mechanism 0 

photochemica’ iumapion of HBr) is very slow and depends upon the 

temperature. Eq is 18kcal/mol and not easily available in the reaction. 

Step b (of mechanism of photochemical formation of HCl) is 

step b (of mechanism of photochemical formation of HBr) is 


not reversible but 
reversible 


on of HCl) can 


reaction. 
Termination reaction (of mechanism of photochemical formati 
1I of the reaction vessel as well as in gas phase. While in 
n reaction does 


the wa 
f photochemical formation 0 
the wall of the vessel. 
Cl has been found 10*- 


0.01. 


(iv) 
take place on 
f HBr) terminatio 


(mechanism fe) 
not take place on 


(v) The quantum yield in formation of H 
case of formation of HBr quantum yield is 


10° while in the 


sociation of 


n of HCl) is dis 
al 


hanism of photochemic- 
9 2Br’by abso-ption of 


Similarities 

(i) First step (0 
Clo into 2Cl'b 
formation of H 
light. 


(i) | In both case 
n of HCl, rate law expres 


f mechanism of photochemical formatio 
y absorption of light. While in (mec 
Br) first step is the dissociation of Bre int 
s termination takes place between two similar atoms. 
(ii) In formatio sion is 


d| HCl y, 
AIHCHT 1, 


d[ HCl] 
ae [He] Lan 


While in case of formation © 


f HBr, rate law expression is 


dt k’ [HBr] 
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12.18 PHOTOCHEMICAL DECOMPOSITION OF HI 


The above reactions deal with photochemical reactions between halogens ang 
hydrogen. Photochemical decomposition of hydrogen halides has also been reported 
in scientific literature. For example photochemical decomposition of hydrogen iodide 
(HI) has been studied by a German physical chemist by Emil Gabriel Warburg (1845. 
1931) who found that this photochemical reaction has quantum yield equals to 2; that 
is two molecules of hydrogen iodide are converted into Hz and Iz when one photon jg 
absorbed. On the basis of this finding, he proposed the following simple mechanism: 


a- HI—%>H*+I" 

b- Hi +H’ > H,+I° 

ce +P >], 

On the addition of all above reactions, we get overall reaction as: ' 
2HI —™ +H, +1, | | 

The above reaction is not a chain reaction. 


12.14 PHOTOCHEMICAL DECOMPOSITION OF ACETALDEHYDE 


Kinetics of thermal decomposition of acetaldehyde has been discussed in 
chapter 5. Acetaldehyde can be decomposed into methane, carbon monoxide, ethane 
and some other minor products by photochemical reaction. The photochemical 
decomposition of acetaldehyde is also known as photolysis. of acetaldehyde. The 
overall reaction of photolysis of acetaldehyde can be written as 


CH,CHO + hv > CH, +CO+C,H, + others 
Kinetics and mechanism of photolysis of acetaldehyde is given below: 


CH,CHO+hv—4CH,+CHO _ (Initiation) Rate = kJ, 


CH, +CH,CHO—*>CH, +CH,CO (Propagation) Rate = k, (CH, ]ICH,CHO] , 


CH,CO—*+CO+CH, (Propagation) Rate = k,[CH,CO] 
CH, +CH, —*>C,H, (Termination) Rate = -; — =k (CH, 
t 


| According to above mechanism, rate of reaction can be written in term of rate 
of formation of CO as 


d[CO} : | 
“i k, [CH,CO] (12.68) 

In the above expression CH3CO is reaction intermediate and_ its 
concentration is not a measurable quantity..In order to find its concentration in 
terms of concentration of reactants or products, steady state approximation can be 


Scanned with CamScanner 


www.pdfgrip.com 


Photochemistry 885 
ied OF CH3CO. So according to steady state approximation, net rate of formation 


0 
pan QO will be equal to zero. 
0 
0= k,[CH, ][CH,CHO] - k,[CH,CO] (12.69) 


By rearranging equation (12.69) , we get 


k,{CH,CO] = k, (CH, ][CH,CHO] 


[CH,CO] = k, /k,(CH,][CH,CHO] (12.70) 


Bquation 12.70 gives concentration of CH3CO in terms* of concentration of 
cHsand CHsCHO. In this expression [CHsg] is still unknown quantity. In order to find 
for concentration of CH3CO, we have to find the concentration of CH3 


the expression n 
in terms of measureable quantities. CHsis also reaction intermediate. So according to 
steady state approximation net rate of formation of CHsCO will be equal to zero. 


0=k,I, -k, (CH, ][CH,CHO] + k,[CH,CO] - 2k ,[CH,}? (12.71) 
By adding equation 12.69 and 12.71, we get 
0=k,I,,, -2k,[CH,} 
2k [CHg]° = Kylie. 
(CH, }? = kylane / 2K, 
(12.72) 


[CH] = (Jats / 2s ye 
By putting values [CHa] from equ 


1/2 
(cH, CO] = kl, | (CH,CHO] (12.73) 
k, | 2k, 


ation 12.72 into equation 12.70, we get 


gives concentration of [CH, CO] in terms of concentration of 


Equation 12.73 
g the values of [CH,CO] from e 


(CH, CHO]. By puttin quation 12.73 into 
12.68, we get : 


1/2 
d(CO] _j, Ke ( Mite | (CH,CHO] 
dt k, 2k, 
1/2 
dICOl _ e) (CH,CHOI 
*\ Qk, 
alco" =k(I, )”2(CH,CHO] (12.74) 


1/2 
iced = Hel 
: | Ok, 
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The value of quantum yield can be obtained by dividing rate of formation of 
CO by the intensity of absorbed radiation as 


Quantum yield = ely 


_ kd,)"[CH,CHO] 
I 


k{CH,CHO] : (12.75) 


1/2 
I, 


So rate of reaction increases with increase of intensity of light radiation but 
quantum yield decrease with increase of intensity of light radiation absorbed, 
However both rate of formation of CO and quantum yield increases with increase of 
cone of CHsCHO as given in equation 12.74 and 12.75. 


Quantum yield = 


12,15 FLASH PHOTOLYSIS 


This technique was developed by Norrish and Porter in 1950. They used an 
intense flash of light to produce transient species, radicals or excited molecules in 
concentration that may be four or five order of magnitude greater than found in 
conventional systems. In ordinary photochemical studies, the light enters the system 
continuously but at a relatively low intensity level. As a result, the concentration of 
short lived intermediates is very low and their observation is difficult. In flash 
photolysis, on the other hand, the system is exposed to a very powerful beam of light 
for a very short period of time, say few microseconds. This short time duration allows 
kinetic studies in the microsecond —millisecond region which embraces wide range of 
radical reactions and energy transfer processes. The powerful light flash produces a 
much higher concentration of intermediates, such as atoms or free radicals whose 
concentration and state can be ascertained by continuous observation of their 
absorption spectra. From such data it is possible to identify these intermediates, to 
obtain their concentration and even to evaluate in certain instances the rate 
constants of photochemical reaction steps involving the species. In this technique, 
light pulses as short as 10 femtosecond (10 fs=J0-'4s) in the visible region of 
electromagnetic spectrum are available such that reaction dynamics on this 
extremely short or ultrafast time scale can be studied. For references, a 3000 cm’ 
vibrational mode has a period of 10fs (approximately). Therefore reactions can be 
initiated on same time scale as vibrational molecular motion and this capability has 


opened up many exciting fields in chemical kinetics. 


This capability has been used to determine the ultrafast reaction kinetics 
associated with vision, photosynthesis, atmospheric processes and charge carrier 
dynamics in semi conductors. Short optical pulses can be used to perform vibrational 
spectroscopic measurements (IR or Raman) on 100 fs time scale. Finally NMR 
techniques as well as optical absorption and vibrational spectroscopy can be used to 
study reactions that occur on microsecond (10°%s) and longer time scale. 


The apparatus for a flash photolysis experiment is shown in Fig.12.9. The 
reactive materials are irradiated with an intense flash of white light which provi 
a continuum of wavelengths from infrared to vacuum ultraviolet. The energy for t 
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is the re: een cde capacitor (10nF) charged to about 10 kV, When 
i pat at ressure, a brill a tube containing an inert gas (such as krypton) 
i pout joo nm F ; ie th pean flash of light is produced. This intense light 
at 8 on the & ae intee aa to a variety of excited states and produces 4 
ty? e cass to the flash e uration of flash ranges from 1 to 100 ps after 
98 js eXP eoring flash sche. — delay dircuit fires a low-energy flash from 
gource ns rg ‘the first fl e. This beam of light passes through the excited 
d by the a” ash and an absorption spectrum is recorded. The 


duce 
ies prO 7S flask 
spe" scope sweep 10 Fig12.9 is triggered by a photoelectric cell that detects light 


e delay time, we can observe the rate of decay of various 
after making an initial spectrographic study to determine the 
“ 3 ent, we can choose a particular wavelength and measure the 
erption at this wavelength as a function of time; we do this by replacing the 
- wpitoring flash tube with a continuum source such as tungsten filament lamp. 
en WE place a mono-chromater in the optical path, the transmitted radiation is 

hototube that’s out put we can monitor on an oscilloscope. By this 
w the concentration of a selected species as 4 function of time. 
he light flash lasts about 10 ps. Use of laser instead of flash lamp 
10ns duration (1ns= 10-%s). With special techniques, we can 


g1 ; 
a laser light pulse with short duration of 0.1ps (1ps= 10-128), allowing rate 


in the picoseconds range to be studied. 


g 
processes in 


we can follo 


a flash lamp, t 
‘yes a pulse of 


Oscilloscope 


Ss 
SS: 
AN 


AAS 


us used for flash photolysis experiment 


Fig. 12.9 Pictorial diagram of the apparat 


12.16 CHEMILUMINESCENCE 
sion of cold visible light as a result of chemical reaction 
reaction. In a 


he chenaluminescence’. Tt 1 ® reverse 0 photochemical 

‘lo ppg reaction, reactant absorbs light and get excited then goes into product 

fy ough activation by light absorpti i hemiluminescence, one of the product 

rmed is in excited state. This product comes to ground state by emission 0 
given below 


tadiati itl : 
tions. A general scheme for chemiluminescence 16 


A——>B’ (Product in electronically excited state) 


ct in ground state 


The process of emis 


(i) 


B’—>B (Produ )+hv 
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In above scheme, reactant A is converted into product B in its excited State 
(B*) and then B* emits light (hu) to produce product B in its ground state. In thi 
way chemical energy is converted into light energy. Some living organisms emit light 
and show phenomenon of chemiluminescence is known as bioluminescence, Foy 
example oxidation of protein, luciferin by atmospheric oxygen in the presence of 
enzyme luciferase produces cold lights which can b seen by naked eye in fire fly. The 
chemiluminescence occurring in living organisms is called bioluminescence. In other 
words, bioluminescence is the emission of visible light as a result of a chemica] 
reaction catalyzed by enzyme in living organisms. Chemical reaction between NO 
and O3 generates NOz2 in its excited state and Oz in its ground state. NO»* jg 
converted into NOz by emission of light in the range of wavelength of 600-2800 nm ag 


given below 


NO+0,——>NO; +0, 


NO;——>NO, +hv —_ (600-2800 nm) 


Chemiluminescence can be used as an analytical tool to determine the 
concentration of unknown substance because the rate of light output is directly 
related to amount of light emitted and accordingly proportional to the concentration 
of the luminescent material present. This technique is called luminometry. 


12.17 PHOTOSENSITIZED REACTION | 


There are some molecules which do not absorb light energy which is required 
for a chemical reaction of those molecules. They do not undergo a photochemical 
reaction. When a foreign substance is added in the reaction mixture, then these 
reactants can be converted into products in the presence of light. This foreign 
substance is called photosensitizer, these reactions are called photosensitized 
reactions and the process is called photosensitization. Photosensitization is 
commonly involved in polymer chemistry in reactions such as photo-polymerization, 


photo-crosslinking, and photo-degradation. Photosensitizers are also used to 
generate triplet _excited__statesin organic molecules for photo-catalysis 


and photodynamic therapy. Photosensitizers generally absorb ultraviolet or visible 
region of electromagnetic radiation and transfer it to adjacent light in-sensitive 


molecules. Photosensitizers usually have large de-localized n systems, which lower 


the energy of HOMO orbitals and its absorption of light might be able to ionize the 
molecule. There are also examples of using semiconductor quantum dots as 


photosensitizers. Photosensitization is a key part of Photodynamic therapy (PDT) 
which is used to treat some cancers. Photosensitization produces singlet oxygen to 
damage tumors. Photosensitizers are not usually consumed during photosensitization 
reactions. They return to their original state once the photosensitization reaction 1S 
complete. In such cases, role of photosensitizers is similar to catalyst as they do 
involve in reaction and retain their chemical identity after completion of the reaction. 
Photosensitizers can be photobleached, a chemical reaction following the absorption 
of light that produces a different molecular form, which does not absorb light, “ 
this process typically competes with the photosensitization reaction. Detail of suc 


cases is beyond the scope of this chapter. 
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i jpanis™ of Photosensitization 
E. me 


photosensitizer absorbs light becomes excited and then pass on this energy 
ot the —_—*, to activate it without itself taking part in the reaction. Hence, 
jjotosee ed La a om an Pe carrier. The role of photosensitizer in 
notosensitiZ® oe ion is similar to that of catalyst in thermal reactions. A gene? al 
Phas of a photosensitized reaction can be written as 
p+hv——>P* 


above scheme, P is the photosensitizer in ground state and P* is the 


In : 
xcited state. 


photosensitizer ine 
p’'+S——S +P 
Where 5 is the reactant in ground state and S* is the substrate or reactant in 


excited gtate. 


g° ——» Products 


Examples of Photosensitized Reaction 


ii 


He gas undergoes dissociation in the presence of light when Hg vapors are 


present in the reaction mixture according to this scheme. 
Hg +H, a 2H + Hg 
Mechanism of this reaction is 
Hg + hv—— Hg’ (Excitation of Hg) 
Hg’ +H, ___»H}, + Hg (Energy transfer) 
H,; —>2H (Chemical reaction) 


2. Chlorophyll acts as photosensitizer in photosynthesis of carbohydrates from a 
chemical reaction of COz and H20 in the presence of light as 


Chlorophyll + hu-— Chlorophyll’ 
Chlorophyll’ + CO, ___5C0;,+Chlorophyll 


6CO; + 6H,O—> CH 20s + 80» 


12.18 LASERS 


Bis The term laser stands for “Light Amplification by Stimulated Emission of 
ation”. Laser is a device which produces a highly intense, coherent, 


m : i 
onochromatic and unidirectional beam of light. 


Principle of Laser 


Cie Production of laser can be explained by understanding pumping, spontaneous 
on and stimulated emission 


“ 
Le 
Le, 
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(i) Pumping 

First’ process is ‘pumping. During pumping, electric discharge, intenge 
radiations or electric current is passed through lasing medium. These agents Cause 
excitation of electrons to electronic and vibrational energy levels of high energy, Thus 
excited states become more populated as compared to ground state by pumping az 
shown in Fig. 12.10 where Ex’ becomes populated as compared to Eo due to pumping 
energy. Electrons are unstable in excited states as compared to ground states. Their 
life time is 10-!3-10-15 seconds in excited states. So electrons jump to relatively Stable 
excited states called metastable states Ex (life time = 10% seconds) by releasing 


undetectable amount of heat. 
(2) (3) 


—;— FE,’ = «6 as. —EEEEEE —— E,’ 
s f: le. See ee ai £ 


Metastable excited 


Excitation Partial relaxation 
state 


Fig. 12.10 Pumping or excitation 


(ii) Spontaneous Emission 


Some species in excited state may lose energy equal to Ex— Eo by spontaneous 
emission. All excited molecules may not lose energy at same time. Moreover 
orientation of all excited molecules is not same also. So, spontaneous emission is a 
random process, Photons produced by spontaneous emission have phase difference 


and travel in different directions, thus they are termed incoherent (Fig.12.11). 


Fig. 12.11 Spontaneous emission 


(iii) Stimulated Emission 


Photons produced in previous step are struck up by other species in excited 
state. Photons induce them to lose energy immediately. Thus all atoms get de-excited 
and produce such photons of equal energy, same phase difference and travelling 
similar orientations (Fig. 12.12). Photons produced by stimulated emission get 
multiplied within very small time and an intense laser beam is produced. En f 
colliding photons is almost equal to the energy of photons produced by stim 


emission. 
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Fig. 12.12 Laser production or stimulated emission 


population Inversion and Light Amplification 


In normal population more atoms will reside in the lower ener 
in the excited state. Whereas, a population inversion is -that condition, 
higher energy state has a greater population than the lower energy § 
action depends on the inversion of the natural excess population in the lower state 
and then getting the excited state to emit all the excess energy at once. 
consider three different states at which atoms can reside i.e. E: is the ground 
Ez is the higher energy excited state also named as short lived state an 
metastable state also named as long lived state as shown in Fig. 12.13. A metastable 
state 1s an © usually stable and electrons 
spontaneously fall to lower state only after relatively longer time. The transition 
from or to this state is difficult as compared to other excited states. Hence, instead © 
direct excitation to metastable state, the electrons are excited to higher energy level. 
Then, electrons spontaneously fall to metastable state. The incident photons of 
energy (hf) are used to raise the atoms from the ground state to the excited state but 
the excited atoms do not decay back to ground state directly. Thus, excited atoms use 
alternative by decaying spontaneously to metastable state, the atoms reach 
metastable state much faster than they leave metastable state. This eventually leads 


to the situation that the metastable state con than ground state this 


situation is known as population inversion. O 
reached, the lasing action of a laser is simple to 

state are bombarded by photons of energy (hf) in stimulated emission, giving an 
intense, coherent beam ncident photon. Thus amplification of 


in the direction of the i 
light is only possible in population in hat is why laser production principle 


version. T 
is purely based upon population inversion where number of photons lost by 
absorption 1s smaller as compared to number of photons produced by stimulated 
emission. During amplification, one 


photon induces to give two photons, later two 
gives four and hence an intense beam is pro lve the Boltzmann 
equation to calculate the populations of energy states. 


xcited state in which an excited electron is un 


Cl me ep ge ee apr me a= = Se a ae ~ or = 


re 


duced. Lasers invo 


ll et Mi tlc mill 
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Qg Q Excited state (E:) 


Metastable state 
_——-= (E*) 


Energy 
of 
atom 


ound state (Ey 


Fig. 12.13 Illustration of population inversion and light amplification 


Three and Four Level Systems 


Three and four level systems are used for production of laser shown in Fig. 
12.14. Electrons jump from ground state E, to an excited state Ex by pumping. Later 
they move to a metastable state Ey by radiationless transition. From Ey, molecules 
jump to E> and produce laser. This occurs in three level systems where electrons 
move between three states. Four level system is little different. Here four states are 
involved. From excited state Ey, molecules jump to another state Ez by emission of 
photon and then immediately jump back to Eo. Energy of Ez level is greater than that 
of Eo. Four level systems produces more intense beam because here population 
inversion attains rapidly by input of small pumping energy. 


Fast transition 


E, 
Three level Four level 


Fig. 12.14 Energy level diagrams of different laser systems 


Laser Construction 
A laser is constructed from three major parts: 


An energy source: The energy source is also referred to as pump or pew 
source. It provides energy to the gain medium ‘to excite it. ile 
discharges, flash lamps, light from some other lasers, chemical pee 
even some explosive devices are used as an energy source depending upon “0 
type of laser. For example He-Ne laser uses electrical discharge as ené 


source but Excimer laser uses a chemical reaction. 


i 
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j paser medium: Laser medium ig gl 
2. medium 18 excited by the pump Sine : known as gain medium. The gain i 
it is the gain medium in Which 5 0 produce a population inversion, and 
photons takes place, leading to ei and stimulated emisaion of 
amplification. Some dyes in organi € phenomenon of optical gain, or 
. id lasers. Gases lik i me solvents are used as a laser medium in 
jiquid ! ike carbon dioxide argon and ; f 
gases like Helium-Neon are used as gain a hs rod —* 
Optical aoe The optical resonator is also known as optical cavity. It 
a Pa | a mirrors placed around the gain medium viele 
provide aaa the light. The mirrors are given optical coatings to 
optimize their reflective properties. Typically one mirror is a high reflector, 
and the other is a partial reflector called output coupler. The output coupler 
allows some of the light to leave the cavity to produce the laser output beam. 
Light from the medium, produced by spontaneous emission, is reflected by 


| 
| 
| 
Mirror | 


Lasing medium 


beam 
Partially 
transmitting 


Pumping source mirror 


Fig. 12.15 A schematic diagram showing principal components of laser 


the mirrors back into the medium, where it may be amplified by stimulated 
| emission. The light may reflect from the mirrors and thus pass through the 
laser medium many hundreds of times before exiting the optical cavity. 


These principal parts of laser are shown in Fig. 12.15. 


Types of Lasers 


Lasers can be classified according the following different schemes. 


l. On the Basis of Active Media 


(a) Gas lasers: active medium used in gas lasers is gas. e. Examples of such kind 


of laser are He-Ne laser, CO2 laser and Nz laser. 


) Dye lasers: active medium used in these lasers is dye in liquid solvent or in 


solid. 
© Solid state lasers: In such kind of laser solid state material is used as an 
active medium. The semiconductor laser is an example of solid state laser. 


Excimer lasers: In these lasers, chlorine or fluorine gas along with an inert 


gas is used as active medium. 
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2. On the Basis of Mode of Operation 
(a) Continuous wave lasers 


(b) Pulsed lasers 


8. On the Basis of Number of Metastable Levels in Laser 
(a) 3 level lasers . 


(b) 4 level lasers 


Applications of Lasers 
Lasers are used in various fields. Applications of lasers in some fields are 


given below 

t. In medicine: lasers are used in surgical treatment, vision treatment, kidney 
stone treatment, dentistry, hair removal, skin treatment and tattoo removal, 
Laser beam can be used to remove ulcers in the stomach with very little logs 
of blood. Because of the burning action of lasers, the cut is also clotted and 
sealed immediately. The accumulation of red blood cells just under the skin of 
people appears in the form of red marks, called port wine stains. Laser 
surgery is done to remove these marks without damaging the outer skin 


surface and the surrounding blood cells. 
In the military: lasers are used in missile guidance, radar replacement and 


2. 
target guidance for defense purpose. 

3. In electronics: lasers have applications in CDs, DVDs, laser printers, 
holograms and barcode scanners. 

4. Industry: laser beam can be used for cutting, welding and heating various 
materials. 

5. In research: Laser spectroscopy is the branch of spectroscopy which can be 
used for qualitative and quantitative analysis in scientific research. Laser 
light scattering is used to characterize polymer and colloidal materials. 

6. Environmental science: Lasers are used as environmental monitoring 


instruments for detection of various pollutants present in the atmosphere. 


12.19 PHOTOCHEMISTRY OF VISION 


Chemical changes occurring within eye during seeing an object is termed as 
“photochemistry of vision”. An object can be seen only if light coming from the object 
is focused on retina (Inner layer of eye). The retina is made of the photoreceptor cells, 
the bipolar cells, ganglion cells, amacrine cells and the horizontal cells. Photoreceptor 
cells can be classified as rods and cones because of resembling of their shapes with 
rod and cone geometries. The rods are sensitive to dim light while cones are sensitive 
to colored light. The light is directed to the photoreceptor cells by the a - 
and the horizontal cells. In the retina the photoreceptor cells are connected oe 
bipolar cells which are in turn connected to the ganglion cells. The ganglion ce - i 

ted to the nerve cells which carry the nerve impulse generated to the occlP 
—— : itis i d. Rods are made up of the glycoprotein ops! 
lobe of the brain where it is interpreted. ho Pp 
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P : “Vy : ” 
erivative of pions A known as the retinals. Retinal is attached with opsin. 
lling the hee retina, retinal has a bent shape and is known as the cis- 
ght falls on this cis-retinal, it undergoes isomerization to generate 


Photochemical Cis-trans transformation of retinal during vision 

Due to this cis-trans conversion, the bond between 7 a = ae 
retinal is broken. As a result the active site of the opsin molecule = ~ 
may act as catalyst. Thus opsin molecule detached from trans-retin tate 
process of transformation of a Eh il ieee co “ee 
GTP), cule form bon 
sigiisenas oni removes it. As a result the Lee ms ae 
becomes free. This phosphodiesterase catalyzes the oe a SS ee 
nonophosphate (CGMP) molecule into the GMP molecu a: Tis seston Bein 
of the ion channels and thereby inhibits the rn of t := om _ 
cell resulting in hyperpolarization. This stops the re on 0 a 
lransmitter and thereby results in the generation. of the nerve imp 


arried to the brain by the nerves for interpretation. 


Fig. 32.16: 
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Q.1. 


Q.2. 
Q.4. 


Q.5. 
Q.6. 


Q.7. 


Q.8. 


Q.9. 


Q.10. 


Q.11. 


Q.12. 


Q.13. 


QUESTIONS 
What are possible relaxation routes for an electronically excited molecule? 
Elaborate your answer with the help of Jablonski diagram. 


Define photochemistry and give its applications in daily life. 


State and explain the laws of photochemistry. 
What are photochemical reactions and how are they different from thermal] 


reactions? 

State and Explain Beer-Lambert law and Give its limitations. 

Give two non-radiative and two radiative deactivation processes of an 
electronically excited molecule. 

Write a note on the following 

(i) Chemiluminescence 


(ii) Photosensitized reactions 


Give a brief account of photophysical processes. Discuss radiative and non 
radiative relaxation processes in detail on the basis of Jablonski Diagram. 


‘Differentiate the followings 

(i) Fluorescence and phosphorescence 

(ii) Primary and secondary photochemical reactions 
(iii) | Absorbance and Molar absorbitivity 


Define fluorescence life time and fluorescence quantum yield. Derive a 
mathematical expression for fluorescence life time and fluorescence quantum 
yield in term of rate constants of various photophysical processes. 


What is fluorescence quenching? Derive Stern-volmer equation to explain the 
effect of quencher concentration on rate of fluorescence. 

What are LASERS? Explain the principle of LASERS productions. Discuss 
different types of LASERS and their applications. 

The rate expression for the formation of CCly from photochemical 
chlorination of chloroform is 


al a = A[Cl, ad a 


The proposed mechanism for the reaction C/, +CHCl, + hu —>2Cl is 
Cl, +hv-—>2Cl (i) 
Cl + CHCl, —> CCl, + HCl (ii) 
CCl, + Cl, —9CCI, + Cl (iii) 
2CCI, +Cl, —»2CCl, (iv) 


Using steady state approximation proves that mechanism is correct. 
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Q.21. What is quantu 
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nm. Also 


Calculate the energy of photon corresponding to a wavelength of 426 
length. 


calculate the energy of 1 mole of photon corresponding to same wave 
(4.67x1079 J, 281 kJ mol") 


Calculate the value of fluorescence quantum yield for t, =2x10°s-and 


7 cnl ‘ 
k,. =9x10's by assuming that rate constants for intersystem Cros 
fluorescence quenching are small. 


sing and 
(3.98) 


The production of hydrogen atoms from a hydrogen molecule requires 431.8 
(277.2 nm) 


kJmol-! Determine the corresponding wavelength in nm. 

If ke = 3% 10°s"', k, =5x10°s" and k?, =2x10’s"'calculate the fluorescence life 
time and fluorescence quantum yield. (2 ns, 0.01) 
0.14 mM solution of a compound placed in-a cell of path length 1 cm 


transmits 36% of light intensity. Calculate the molar absorption coefficient of 
solute. (3.16 10° Lmol"!s"!) 


Name the following photophysical processes 
(i) S’ —S +hv 

(ii) S’ +hv— > S +2hv 

(ii) S'—OT 

(iv) 7’ —>S+hv 

(v) Ss 

Write a short note on Flash Photolysis. 


m yield? Discuss its significance in photochemistry. 
for low and high quantum yield. 


Enlist 


various reasons 
the following statements 


Justify/Comment on 
an occur in the presence and absence of light. 


i) Thermal reactions c 


ii) Free energy of a photochemical reaction is always positive. 


iii) Lambert-Beer law is applicable to dilute solutions only. 


iv) In photochemical reactions, light is always one of the reactants. 


v) Transmittance has no units. 
vi) Quantum yield tells about the mechanism of a chemical reaction. 
vii) Internal conversion is a non-radiative process. 

viii) Chemiluminescence is a cold light 

ix) Phosphorescence occurs between states of different multiplicity 


x) LASER is a coherent beam of light 
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POLYMER CHEMISTRY 


_—POLIMER CHEMISTRY _—— 


DUCTION 


Polymers are macromolecules which are composed of billions of repeating 
its. Their vast range of applications has significantly enhanced the attention of 
- atist3 towards study of their synthesis and structural analysis. 


The structural unit of polymer is its repeating unit. Repeating unit repeats 
elf in structure thousands of times and fabricates a polymer. Monomers are 
- pled in a repeating unit. Sometimes repeating unit is made up of a single 

in homopolymer, sometimes it is made up of two monomers as in 
olymer and sometimes it is made up of three monomers as in terpolymer. Thus 
number of monomers in a repeating unit may vary. In this way control on monomers, 
controls repeating unit which in turn control polymer. This is how structure of 


polymer is managed by proper control at such small level. 


There is a vast range of polymers, so many classification schemes are 
Origin, nature, structure, polarity, homogeneity, functioning, 
tivity and many more are used as basis in this chapter for classification 
Polymerization is a complex process which has its own kinetics. Addition 


cop 


possible. ' 
thermosens! 


of polymers. 
and condensation polymers are used : 
plastic industry, textiles, aerospace technology and many more. Thus their yield is 


monitored by study of their kinetics. Kinetics provides information about ratios of 
monomers incorporating into the polymer and left in reaction mixture at any time. It 
helps to estimate reaction completion time without any experimental work. Moreover 
100% conversion is also estimated under various sets of reaction conditions. 
Copolymers are also significantly used nowadays. Study about their classification, 


models, kinetics and reactivity ratios are also included in this chapter. 


All polymeric chains synthesized at same time are not of same mass. 
Polydispersity exists among them. Number, z, mass and viscosity average molecular 
weights are normally used to describe molar mass of a polydisperse system of 
polymer, Many methods like viscometry, osmometry, light scattering, sedimentation 
and many other methods are explained over here by which different average molar 
masses of polymers can be measured with accuracy. Analytical method like gel 
Permeation chromatography is also discussed in this chapter by which every molar 
hass fraction of polymer can be separated and analyzed. : 
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13.2 CLASSIFICATION OF POLYMERS 


Different trends of classification of polymers are reported due to vast 
polymers according to their structure, property, origin, sensitivity, rihivgien| on 
mode of formation and polarity. Thus aforementioned characteristics are y State, 
basis for classification of polymers as shown in Fig. 13.1. Sed ag 


Different Classification 


Schemes of Polymers 
Homopolymer N 
- atural 
Compolymer _b Composition Origin ee 
Plastics 
Rubbers Application and physical Thermal Thermosets 
cies properties _ response Thermoplastics 
. ' St 
Cis Geometrical Kinetics of ap 
Trans. __}— isomers polymerization Chain growth 
; Interconnected 
lonic 
prom ‘ Linea 
Nor-ionic _ Polarity ppearance Sordid 
Homochain =e 
Homo/hetero-geneity Tactici Syndiotactic 
Heterochain of chain aciony actic 
Morphology 


Crystalline Amorphous 


Fig. 13.1 Different classification schemes of polymers 


(1) On the Basis of Origin/Occurrence 
Natural, synthetic and semi-synthetic are three major divisions of polymers 


on the basis of their occurrence or origin. 


(a) Natural Polymers: As name indicates, origin of natural polymers is nature 
i.e.; animals, plants or rocks. Examples of such polymers are: natural rubber 


(1, 4-cis-polyisoprene), starch, quartz, proteins, cellulose etc. 


Such polymers which are synthesized by man are 


(b) Synthetic Polymers: 
yl chloride (PVC), 


known ‘as synthetic polymers, e.g.; polystyrene, polyvin 
polyester etc. 


(c) Semi-synthetic Polymers: These are chemically modified natural 
etic polymers either 


polymers by man for commercial purposes. Semi-synth 

have backbone of natural polymers and pendent group of synthetic polymers 

or their one block is made up of natural polymers and other component o 
made up of synthetic polymers. Hydrogenated rubber, cellulose nitrate a? 
cellulose acetate are some examples of semi-synthetic polymers. 


ae 
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on the Basis of Kinetics of Polymerization 


(2) 


Addition and condensation polymerization are two basic kinetic mechanisms 


fot formation of polymers. 
0 


Chain Growth Polymers: Self addition of monomers occurs in addition 
(a polymerization (chain growth polymerization). No foreign molecule ; 
incorporated in chain during growth of polymer. No side product is formed. : 
Molecular weight of polymer is exactly multiple of molecular weight of " 
monomer. Mostly olefins follow addition polymerization as butadiene gives bi 


polybutadiene, styrene gives polystyrene and_ vinyl chloride gives 
polyvinylchloride. if 
(b) Step Growth Polymers: Monomers have functional groups like carboxy! (- i 
COOH) and amino (-NH2). Two or more than two monomers react in step- CF 
wise manner and produced a polymer along with elimination of small i 
molecules. This sort of polymerization is called step growth (condensation) ‘4 

les of step 


polymerization. Nylon, polyurethane and polyester are some examp 
growth polymers. 


2 


(3) On the Basis of Polarity 
Main chain of polymers or their pendent groups often contain charges. Thus 
jonic and non-ionic are two categories on the basis of polarity of polymers. 


rs have no charge containing moiety 
non-ionic 


od e Se nn ee Se oe a ee 


(a) Non-Ionic Polymers: Non-ionic polyme 
in polymer. Polyethylene and polypropylene are two examples of 
polymers. 
Ionic Polymers: Ionic polymers have charge on pendent groups, ‘as in 
polymer (sulfonated polyethylene) of ethylene sulfite. These are also known 
as polyelectrolytes. 
SO; SO; SOs; SOs i 
Pelyeya Sulfonated polyethylene | 


(b) 


(4) On the Basis of Structure of Polymers 

Polymers can be branched or inter-linked, but versatile pattern of branching 
and interlinking gives a wide range of different polymers. 
branched and straight chain of bonded monomers 


s is called linear polymer. They are mostly 
erization. Nylon and polystyrene are 


(a) Linear Polymers: A non- 
which has only two end 
7 synthesized by condensation polym 
linear polymers. 


(bt) Branched Polymers: Sometimes small branches of finite length are 
attached to main chains of polymers, termed as branched polymers. These 
branches can be of made up of molecules similar or dissimilar to main chain. 

anched polymers are further sub-divided into graft copolymer, star 


et > a “ 7 a? 

ar ae L-3 ag . 

jiymer, aendar W er. Pee ee. ak oe ee 
‘ ee RAE PS iad 24 wie " = wT. 3 F 


ais aes 
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(i) Graft Copolymers: One type of molecules form main chain and othcy 
type of molecules form branches on these main chains. 

(ii) Star Polymers: Sometimes terminals of many linear polymers join at 
common point and form star polymers. 

(iii) | Dendrimers: Dendrimers are tree-like in structure. They have “no 
backbone. Extensive branching perpetuates in such a way which give 
an unusual structure called dendrimer. 

(iv) Comb Polymers: These branched polymers have a backbone over 
which branches are hanging just like comb. | 

(c) Crosslinked or Network Polymers: Different chains of polymers get 


interconnected by covalent bonds and form crosslinked polymers. Point of 
interconnection is called crosslinking point. Density of crosslinked polymers 
determine by density of crosslinking points or junctions per unit volume. 
Crosslinking pattern in network polymers can be two or three dimensional. 
Thus on the dimensions of crosslinking, ‘network polymers are further 
subdivided into two categories. 


(i) Planar Network Polymer Structures: Two dimensional crosslinking 
containing polymers are called planar network polymer structures. 
Graphite is their common example. Ladder polymers are also planar 
polymers. They have two main chains which are crosslinked just like 
ladder. 


(ii) Space Network Polymer Structures: Three dimensional crosslinked 
polymers are called space network polymer structures. Diamond is 
their well known example. 


(5) On the Basis of Thermal Behavior 


Thermosets and thermoplastics are two types of polymers on the basis of 
response towards temperature. 


(a) Thermosets: Thermosets cannot be softened again and again on heating, 
once they get solidified. Heating produces chemical reactions which lead 
towards further growth or crosslinking. Thus these polymers cannot be 


recycled. Epoxy resins, diene rubbers and unsaturated polyesters are some 
examples of thermosets. 


(b) Thermoplastics: Thermoplastics like polyvinyl chloride, polyethers etc can 
be softened and solidified again and again on heating and cooling 


respectively. Heating or cooling does ‘not. produce chemical changes in them, 
so they can be recycled many times. 


(6) On the Basis of Tacticity 


Polymers having different spatial arrangements of atoms around asymmetric 
carbon have different properties. This difference in spatial arrangements 
(configuration) is called tacticity. Tacticity make polymers optically active. Tacticity 
produces optical isomerism in polymers. Optically active monomers can be R (rectus) 
or § (sinister) rotatory. Here isomeric polymers differ only in head to tail li c 


Scanned with CamScanner 


www.pdfgrip.com 


6 gee cecum: Wleraiereatie itera waa ___ Polymer Chemistry 903 
ctive monomers, . 
us isotactic, syndiotactic and atactic are three dif ferent 


. a 
call¥ 
opt olymers on ; 
ories of poly the basis of pattern of head to tail linkages of repeaune 


pnts 

actic: Isotactic 
t polymers like erythrodiisotactic and threodiisotactic. 
quence can 
hly favors 
actic 


[so 
a) ; fe) ‘ati 
| have same ¢ nfiguration of every chiral carbon, Thus isotactic 8¢ 


- ana - heer or S-S-S-S-S-S, Isotacticity 6 
closes molecules and stallini santantic iid 
and atactic polymers. crystallinity among isotactie _— 


syndiotactic: If dextro and levo rotatory repeating units attach 
nted as R-S-R- 


b) : 
( alternatively, then syndiotactic polymer is formed. It is represe 
SRS ee teas a and threodisyndiotactic are examples of this 
kind of polymers. These polymers are less crystalline and packed than 


jsotactic polymers. 
of two optically 


oO Atactic or Hetutotactic There is no pattern of linkage ‘ 
active monomers In atactic polymers. Monomers can be linked head to head, 
tail to tail and head to head for some portion of chain, thus rep 
R-R-R-S-R-S-R-S-S-S-R. Atacticity hinders crystallinity ard packing. 
they are least crystalline and packed among all three listed types. 


resented as ft 
Thus 


of Geometrical Isomerism in Polymers 


uble bond produ 
basic categories of geom 


) On the Basis 
ces geometrical 


(7 
etrical 


toms or groups around do 


Arrangement of a 
C is and trans are two 


isomerism in molecules. 


isomers. 

(a) Cis Polymers: If two s 
bond then cis polymer is 
s: If two similar groups are posi 
olymer 18 formed as trans- 


n same side of double 


imilar groups are positioned 0 
-nthetic rubber). 


formed as cis-1,3-butadiene (sv 
tioxed on opposite side of 


(b) Trans Polymer 
1.3-butadiene. 


double bond then trans Pp 


e Basis of Morphology of Polymers 


and crystalline are two differen basis of 


(8) On th 


Amorphous 
their morphology. 
(a) Crystalline Polymers: Polymers are not completel 

are semi-crystalline which have regions of crystallin 

polymers. This sort of polymers 1s characterized by me 
which crystalline phase transform into solid amorphous 
are crystalline polymers while thermoplastics decompose on 


temperatures. 


(b) Amorphous Polymers: Amorphous poly 
transition temperature (7x) at which hard gla 


rubbery state. 


t kinds of polymers on the 


y crystalline rather they 
e as well as amorphous 
Iting point (Tm) at 
phase. Thermosets 
heating to high 


mers are characterized by glass 
ss state: converted into soft 


(9) On the Basis of Application and Physical Properties of Polymers 


seas Rubbers, plastics and fibers are three p 
eir physical properties and applications. 


rinciple types of polymers on the basis 
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(a) Rubbers: Rubbers are commonly called elastomers. They are mechanically 
weak, dimensionally unstable and highly elastic polymers. Their tensile 
strength lies in range of 300 to 3,000 psi. They have low molecular cohesion. 
Thus their molecular cohesion is less than 2 Keal/gmol per 0.5 nm chain 
length. Rubbers are not highly crosslinked. If they become crosslinked upto 
desired limit then they become more useful for better applications. 
Crosslinking of rubber is termed as vulcanization. 

Plastics: Plastics are dimensionally stable and highly elastic substances, 
4,000 to 15,000 psi is range of their tensile strength. They are stronger than 
rubbers. Plastics exhibit molecular cohesion in range of 2-5 Kceal/gmol per 0.5 

“nm chain length. They can be soft and flexible or hard and rigid. Phenol- 

formaldehyde resins, nylon, polyamides, polyvinyl chloride are some 


examples of common plastics. 


(b) 


(c) Fibres: Fibres are strongest among rubbers, plastics and fibres. Their tensile 
strength lies in range of 20,000 to 150,000 psi. Molecular cohesion of fibres is 
4-10 Keal/gmol per 0.5 nm chain length. Natural and synthetic fibres are 
largely used in textile, because of their high mechanical] strength, thermal 
insulation, flexibility and softness. Cotton cellulose and silk are natural 


fibres while polyamides and polyesters are synthetic fibres. 


(10) On the Basis of Homo/Heterogeneity of Polymers 
Homochain and heterochain polymers are two different types of polymers on 

the basis of homo/heterogeneity. 

(a) Homochain Polymers: Such polymers which made up of only one kind of 
atoms are called homochain polymers, like diamond, graphite, and linear 
polymers of sulfur and selenium. 


(b) Heterochain Polymers: Heterochain polymers are made up of more than 
one kind of atoms. This kind of polymers is more extensively found in list of 
polymers. Silicones, polyethylene, polyesters, nylon and polyphosphoric acid 


are some examples of heterochain polymers. 


(11) On the Basis of Composition of Polymers 
Type of monomer units involved in formation of polymers is the base of 


classification here. Homopolymer and copolymer are two general kinds on this basis. 


Homopolymers: Homopolymers are made up of only one kind of monomers, 
e.g.; polystyrene, polyvinylchloride etc. Interestingly, all homochain polymers 
are homopolymers but all homopolymers are not homochain polymers. 


(a) 


(b) Copolymers: Copolymers are made up of two kinds of monomer units. Nylon 
and polyesters are copolymers. 


Example 13.1 | 
Identify which polymers are formed by addition and which formed by 


condensation polymerization. 


(a) -(CH, -CH,), - (b) -(OC- CH, - CO-NH - CH, - NH), - 
(c) ~(CH-CH(C,H,)),-  (@) (O-CH =CH-O-N-CH =CH-N), - 


Scanned with CamScanner 


www.pdfgrip.com 


Polymer Chemist 905 


(b) and (d) are 


_and (c) are sy nthesized by addition polymerization while 


ed by condensation polymerization. 


for? 
3 pOLYMERIZATION 
mer is synthesized. Route or 


polymerization is a process by which a paly 
t, Thus step growt 


‘am of polymerization of different monomers is differen 
h are two kinds of kinetic mechanisms of polymerization. 


EP GROWTH POLYMERIZATION 


nomers polymerize to form step growt 
y have mo 


3.4 ST 


Polyfunctional mo 
onal monomers give a branched polymer as the 


h_ polymers. 
re than two 


polyfunctt gi ; 
jeactin€ sites, while bifunctional monomers give a linear polymer. 

Bifunctional monomer-1 HO-A-OH and bifunctional monomer-2 C]-B-Cl react 
and jnitially form 10-A-O-B-Cl along with elimination of hydrochloric acid (HCI). 
tater HO- _0-B-Cl reacts with HO-A-OH and yields HO-A-O-B-O-A-OH an HCl. 
Thus a small molecule of HC] eliminates at every step growth of chain. In this way, 
polymerization continues and a polymer is formed. General scheme is 

HO-A-OH+CI-B-Cl> HO-A-O-B-Cl +HCl 

Monomer-1 Monomer-2 

HO-A _Q-B-Cl+HO-A-OH > HOAOBOAOH + HCl 

HO-A _0-B-O-A-OH+CI-B-Cl > H(OAOB), Cl+HCl 
H+xCl-B-Cl7 H(OAOB), ., Cl+xHCl 


H(OAOB), Cl+xHO-A-O 
Polymer 
Following are some examples of condensation polymerization of some 


bifunctional monomers. 


1. Polyester 
HO(CH, ), OH + HOOC(CH, he COOH 
Succinic acid 


ie, HO(CH, i ooc(CH, ) oe 


1,4-Butanediol 
HO(CH, ), OOC(CH, hs COOH + nHO(CH, ), OH + nHOOC(CH, un COOH 


-#H40_, HO[ (CH, ), OOC(CHz), coo] H 
Polyester ~ 


2, Polyamide 
_H,N(CH,), NH, + HOOC(CH,), COOH" 
Hexamethylene Adipic acid 


diamine 
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H,N(CH,), HNOC(CH,), COOH +nH,N(CH, ), NH, + nHOOC(CH,), Coo}, 
—2u!_, H,N[(CH, ), HNOC(CH;), CON] | 
Nylon 6,6 (polyamide) 


13.4.1 Characteristics of Step Growth Polymerization 


Following are some basic characteristics of step growth polymerization. 


(i) This polymer is formed in steps. so small molecules are eliminated during 
polymerization. 
(ii) Equimolecular proportions of both monomers should be used, so that they 


equally incorporated in polymer, otherwise polymer have that functiona] 
group in excess whose monomer was used in greater quantity. 

(iii) Non-equimolecular proportions of monomers yield low molecular weight 
polymer. 

(iv) Pure monomers should be used otherwise side reactions may occur and 
polymer yield decreases. 

(v) Reaction between two functional groups depends upon length of chain 
attached to them in initial stages of reaction. But at later stages, it does not 
depend upon length of chain. 


13.4.2 Kinetics of Step Growth Polymerization 


Let esterification of succinic acid with ethylene glycol as an example. This 
polymerization can be catalyzed and cannot be catalyzed, thus following discussion 
comprises on kinetics of both types of polymerizations. 


(a) In the Absence of Acid Catalyst | 


Rate of reaction between carboxylic acid and alcohol in the absence of any 
external catalyst is a third order reaction. Rate of reaction is directly proportional to 
first power of alcohol concentration and second power of acid concentration, because 
in the absence of any external acid catalyst, succinic acid itself acts as catalyst and 


monomer, both at same time. Rate of consumption of -COOH is equal to rate of 
consumption of —-OH, | 


_d[COOH] — d[OH] 
dt dt 


(13.1) 


— — of consumption of functional group i.e.; -COOH or —OH, is rate of 
action. Thus rate of reaction can be written in terms of rate of consumption of - 


COOH. 
_4 [Coon] , 
dt * [OH J[cooHy (13.2) 
_4[COOH] , 
ae = k[OH coon} (13.3) 
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ate constant of reaction. The molar concentration of _OH and -COOH 


k is © 
+g equal and can be represented as C. 
i 
_ac = kc? 
dt 


ieee na ae or . 
ae tet wei - 


go, by separating variables, we get 


= kit (13.4) 


By jntegrating above equation, we get 


- foe =k fat 


=3+1 
15 |-teee 
-3+1 


| =kt+c (13.5) 
2C° 


centration of succinic acid and ethylene glycol at any time while the 


C is con — ee et 
-aitial concentration is Co. Thus on application of boundary conditions, we ge’ 
1 
cde ol et " (13.6) 
| 2C° 
Putting value of c from equation (13.6) into (13.5), we get 
1 1 
——— kt +, 
2c’ 2C, 
L od 
2c? 2C, 
A. neil 
Cc ©, 
i +s okt (13.7) 
Cc ¢ 


°o 


Equation (13.7) is rate equation for step growth polyesterification. Following 


are results predicted on the basis of this equation. 
(i) This is a straight line equation in intercept form. 


(i) Intercept of the plot obtained from equation (13.7) is e 
square of initial concentration of monomers. 

i) Slope is equal to two times of rate constant (Fig. 13.2). This equation shows 
that value of C decréases with passage of time. It means reactants are 


consumed during polymerization. 


qual to inverse of 
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t 


Fig. 13.2 Plot of 1/C? versus time Fig. 13.3 Plot of 1/(1-p)? versus time 
It was assumed that concentration of water is negligible. 


Extent of reaction (p) is stated as the fraction of functional groups that have 
consumed at time t. It is ratio of -COOH groups reacted to initial concentration of — 
COOH [equation (13.8)]. As it is more convenient to express rate equation in terms of 
extent of reaction, thus relationship for extent of reaction and concentration is . 


p= (13.8) 
pC, =C,-C 
C=C, -pC, 
C=C, (1-p) (13.9) 
Putting value of C from equation (13.9) into (13.7), we get 
1 
a 
(C,(1-p)) © 
| 1 
= — =2kt 
C{(i-p) C 
an a |e 
C; | (1-p)’ 
: 1 = 2C?k 
24+ = oO kt 
(1-p) 


(13.10) 
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F fiquation (13.10) is required rate expression in terms of extent of reaction. 
wink are results which can be obtained from this equation. | 
syllo% —— 
Ww order of reaction is equal to three in self catalyzed step growth 
() polymerization. 
Units of rate constant aré dmSmol]-2g"1, 
ii) ; _— 
a Half life period for the reaction is inversely proportional to the square of 
(iii) initial concentration of reactant i.e. 


From equation (13.7), we get 


i 
2 1 { 
coe Mn | 
} 
1 
se = kt 
re 1/2 
1 
tiie © e 


Fig. 13.3 is obtained from equation (13.10) which is a straight line equation 
in intercept form. 


Intercept of graph in Fig. 13.3 is 1 while its slope is 2kC.?. As C. is known 


) mostly, thus value of slope helps to find value of rate constant of reaction. 


| 

} 

i ion i i tion helps to 

(vi) Maximum and ideal value of extent of reaction is 1. This equatio art 


find time when extent of reaction becomes 1. As pl, then (1 
applying these conditions to equation (13.10) 
1 2 octkt+1 


9 


(1-p) 
o = 2C?kt +1 
Ignoring value of intercept as it 1s very much small as compared to infinity. 
Thus 
oo = 2C°kt (13.11) 
oduct of 2, k, t and C,? is infinity. 2, k and Co? are 


Thi that pr ag ; 
oe : ble. It means infinite time 1s required in step 


constants. Thus time is only varia 
growth polymerization to achieve 100 % conversion of reactants into products. 


(b) In the Presence of Acid Catalyst 


Rate of consumption of -COOH is also equal to rate of consumption of -OH 


ere and represents rate of reaction in the presence of acid catalyst. 


[COOH] __4[0H] 
Rate of reaction=-—~ye dt 
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Rate of reaction between carboxylic acid and alcohol in the presence of an 
external acid catalyst is a second order reaction. Rate of reaction is direct} 
proportional to first power of concentrations of alcohol, acid and catalyst. But 
concentration of catalyst remains constant during the progress of reaction, So 


Rate of reaction « [OH ][COOH ][H . ] (13.12) 

Thus rate of reaction can be written in terms of rate of consumption of ~OOH. 
-SIC008], fon j[coon][H] 
-S18008] . yfon [coon ][H-] (13.13) 


k is rate constant of acid catalyzed reaction. 


Catalyst is that specie which does not consume during reaction and boosts up 


rate of reaction only. Thus concentration of H* remains’ constant throughout 
polymerization. So 


_k is another constant which is can be substituted instead of k[H~] in equation 
(13.15). ; 


_d[COOH] 


a =k'[(OH [COOH] (13.15) 


Concentration of each of the monomers at any time is C. So 


dc ; 

-—=k'C 

dt 

dc ., 

“Gr = kidt (13.16) 


(13.17) 


Co is initial concentration of acid, it 


means Co is concentration of acid at 
of boundary conditions, we get 


ee 


ij 
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putting value of c from above equation into equation (13.17), we get 


1 1 , 
—=k't+— 13.18) 
C C 


°o 


Equation (13.18) is rate equation for acid catalyzed step growth * 
polyesterification- Following results are deduced from this equation. a 
(i This is a straight line equation in intercept form. it 

. ; f i 
(i) Intercept of graph manipulated from equation (13.18) 1s equal to inverse © 
initial concentration of one of the monomers as sketched in Fig. 13.4. 


(iii) Slope of plot of Fig. 13:3 is equal to constant k’ (Fig. 13.4). ii 


On comparison of equation (13.18) and (13.13), we deduced that intercept ” 
greater in the presence of external acid catalyst as compared to absence re . i 
external catalyst. We also inferred that slope is greater 10 case i 
catalyzed polymerization as compared to that of no external catalyst, el 
- glope is ratio of 1/C? to time in the absence of catalyst while it is ratio of 1/0 0 


time in the absence of catalyst. Square of concentration in the absence 0 
catalyst more rapidly decreases value of slope and hence va 
constant of polymerization. Thus comparison of equations (13.13) and (13-1 ) 
verifies that rate of reaction is faster in the presence of catalyst rather 1n the 
absence of catalyst. 


lue of rate 


t t 
Fig. 13.4 Plot of 1/C versus time Fig. 13.5 Plot of 1/(1-p) versus time 
It was assumed that concentration of water is negligible. 


From equation (13.9), available concentration of reactant in terms of extent of 
reaction can be written as 


C=C,(1-p) 
Putting value of C from above equation into (13.18), we get 


| 1 
SoD 
C,(1-p) G. 
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ee 't+ 
(1-p 


ession in terms of extent of reaction, 
ned from this equation. 
19) which is a straight line equation 


quired rate expr 


Equation (13.19) is re 
3 hich can be obtai 


Following are results w 
(iv) Fig. 13.5 is obtained from equation (13. 


in intercept form. 
k'Co. As Co is known 


in Fi i ile its slope is 
Vv Intercept of graph in Fig. 13.5 1s 1 whi 
“i saeany, th value of slope helps to find value of rate constant of reaction. 
d time when extent of reaction becomes 1. As 


i i i lso helps to fin : 
(vi) This equation also help cs conditions to equation (13.19) 


p—1, then (1-p) ~ 0, applying th 
o=C,k't+1 


Ignoring value of intercept as it is very much small as compared to infinity. 


Thus 
o=C,k't 

This equation shows that product of k’, t and Co is infinity. k’ and Co are 
constants. Similar to polymerization in the absence of external catalyst, here 
infinite time is also required in acid catalyzed step growth polymerization to 
achieve 100 % conversion of reactants into products. It means 100 % 
conversion cannot be achieved even with use of catalyst. However, that 
polymer which is commercially synthesized in larger period of time will be 
synthesized in shorter time with use of catalyst. 


13.4.8 Molecular Weight of Polymer in Step Growth Polymerization 


Number average molecular weight (Mn) of polymer is equal to product of 
molecular weight of repeating unit of polymer (m) and number average degree of 


polymerization ( x, ). So 
M.. = 1% x; (13.20) 


. Be is equal to ratio of total number of molecules of succinic acid initially (No) 
number of molecules of acid present in reaction at time t, so 


Xn = 


ZZ 


(13.21) 
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Extent of reaction in terms of number of molecules is 
_ N,-N 
NN, 
pN, =N,-N 
N=N,-PN, 
N=N,(1-p) 
N 1 
oe gee (13.22) 
N (1- p) 
By equating equations (13.22) and (13.21), we get Carother’s equation ( 13.23). 
_ (13.23) 


Ky = 


(1-p) 


When p-+1 then Xn ©, it shows that high xn can be obtained at high 


degree of conversion. 
Comparing equation (13.20) and (13.23) 


2 
(1-p) 
‘With the help of above equation, we deduced when p—1 then M,->®:- It 
shows that high M, can be obtained at high degree of conversion. 
(13.24) 


(1-p)=5- 


_ A 


(c) In the Absence of Acid Catalyst 
For Mn of step growth polymer synthesized in the absence of catalyst, 
value of (1-p) from equation (13.24) into equation (13.10) to get 


2 
(*: = 2kCit +1 (18.25) 
m . 


put 


2 
Equation 13.25 says that (| is a linear function of time. It means Mn 
m 


increases with passage of time. For infinite value of times, Mn will be very high. 


(d) In the Presence of Acid Catalyst 
For Mn of step growth polymer synthesized in the presence of catalyst, put 
Value of (1-p) from equation (13.24) into equation (13.19) 
mM (13.26) 


—2 =Ck't+1 
m 
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It is inferred from equation (13.26) that Maris almost directly proportional} to 
t. It means Mn increases with passage of time. 
Example 13.2 } 


Tetramethylenediamine and succinic acid with 1:1 mole ono each 
other to form a polymer. Calculate the number average degree of polymerization fo, 
3% conversion of each reactant into polymer. 


Solution 
Number of unreacted specie=N=3 
Total amount of species participate in reaction=No=97 
Degree of polymerization=x, =? 
As we know that 


N.-N 
te 


F 


By putting values, we get 


100-3 
foe 
100 
P=0.97 


By using Carothers’s equation 
1 
(1-p) 
By putting value of P in above equation we get 


- 1 
~ (1-0.97) 


Xn = 


x, = 16.92 


Example 13.3 


Calculate the number average degree of polymerization for a monomer 
conversion of 98%and 99% using Carothers’s equation for the reaction of one mole of 
adipic acid with one mole of hexamethylenediamine to produce Nylon-6, 6. 


Solution 
(i) No = 100 
N =2 


As we know that 


Nv-N a 
Sore aii ie 


P= 
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Sper =a 


putting values in above equation, we get 


By 
_ 100-2 
~~ 100 
p =0.98 
By using Carothers’s equation | | 
x = Poe 2 
(1-p) 
{ 
By putting value of P in above equation, we get. i | 
ert) ' 
"(1 -0.98) 
Xn = 50 
: = 100 
(ii) No 1 
N=1 

As we know that : 
N,-N | 
p=— 
No | 

_ 100-1 | 
~~ 100 i 
p = 0.99 


By using Carothers's equation 


a 
an _ (1-pP) 


By putting value of P in above equation, we get 


= 1 
Sq SS ee anal. } 
, i 


(1 - 0.99) 


Xo =100 


H POLYMERIZATION 
rs through a rea 
th monomers and 


13.5 CHAIN GROWT 


Chain growth poly 
specie. Carrier specie grows 


merization occu ctive centre or carrier 
polymerization occurs. 


by combining wi 


h Polymerization 


s of chain growth polyme 
Free radical, cation, anion and co- 


1 
3.5.1 Types of Chain Growt 


itu There are four basic type 
e of chain carrier specie. 


rization on the basis of 
ordination 
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polymerizations are these four types, if chain carrier species are free radical, Cation 
anion and specie having properties of charge as well as free radical respectively, : 


13.5.2 Steps of Chain Growth Polymerization 
Initiation, propagation and termination are three basic steps of all types a 


chain polymerization. 


(i) Initiation 

In initiation, initiator is added to generate a carrier specie which can be a 
radical or ion or have characteristics of radical along with that of ion. Sometimes 
initiator is not added, light rays or heat is used to break bonds in initiator anq 
generates reactive centers. Bonds in initiator are weak, they easily break away and 
reactive centers are formed. These reactive centers react with monomer and transfey 


reactive center to monomer. 


(ii) Propagation 

During this process, low molecular wei 
combine with more monomers and a high mo 
Thus this step can be called a growth step. 


ght species formed in initiation rapidly 
lecular weight polymer is synthesized. 


(iii) Termination 

All reactive centers become inactive during this step. Combination (coupling) 
and chain transfer (disproportionation) are two routes of termination. During 
coupling two active polymer chains combine with each other and form a single 
polymer. Thus molecular weight of resulting polymer will be sum of two growing 
chains. On other side, disproportionation is little different from combination. Two 
growing polymer chains are also involved here but some atoms transfer from one 
chain to other. So that one chain develops double bond at one end and other chain 
only satisfies its active center. Suppose we have free radical polymerization, then 


termination by combination and chain transfer will be 


Combination 2.~CH-CH— ~~ CH CH CH-CH~Y 
| 


Termination 
X X X 


Chain : ’ = 
transfer lle al aden rane . ——- 


X X X 


13.5.3 Free Radical Chain Growth Polymerization 


That type of chain growth polymerization in which carrier specie is a free 
radical called as free radical chain growth polymerization. This polymerization also 
has three steps: initiation, propagation and termination. 
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tiation 
During initiation, initiator (I) dissociates and produces 
radicals represented by R. Rate constant of initiator dissociation is ku. Then R 


cts with monomer M and produces M,. Rate constant of this reaction is k. Specie 
none side and M as free 


tral by developing bond 


(i) Ini 
two primary free 


rea 
M, is basically R-M, so M, has R as neutral end group 0 


radical end group on other side. Thus R itself becomes neu 
with M and converts M to a free radical. M, is birth mark of polymer chain. 


(13.27) 
(13.28) 


Among these two reactions of initiation, reaction r d in equation 
(13.27) 1s slow while other reaction is fast. This is solely due to the high reactivity of 
free radicals. Thus dissociation of initiator is rate determining step of initiation. 


Initiator forms free radicals (R) in pairs, so there are chances that these free 
utralize each other due to cage effect of solvent. As free radicals are 
f solvent molecules which does not let free radicals to move apart 


chances to recombination of R. Thus fraction of generated free 
f recombination of R are much high under usage of 


152k 
R+M—*>M, 


epresente 


radicals ne 
present in cage 0 


easily. So there are 
radicals gets wasted. Chances 0 
high concentration of I. 

r R can also react with oxygen, thus 


dicals. Primary ra 
growing chain (M,) and produces dead polymer 


presence of oxygen is also a 


Moreove 
dicals also consumed during 


cause behind wastage of primary ra 
termination. Some radicals join with 


(R-M,). 
R+M, a" > R-M, 


sible by which initiator efficiency (f) gets 


Thus a number of routes are pos 
tion initiating radicals to total number of 


reduced, as ratio of number of polymeriza 


generated primary radicals is initiator efficiency. 


(ii) Propagation 
Propagation is second and fast step in which monomers are rapidly added to 
a growing chain and high molecular weight chain is formed. M, reacts with M and 


f — . . ; 
orms M,. Similarly M, reacts and form a long polymer chain. It is assumed that 


r , ( 

on of propagation does not depends upon length of polymer chain, so almost all 

= have consumed during propagation, thus rate of propagation is considered 
to rate of polymerization. 

M,+M—“>oM, *° 

: — 

M, +M—+>M, (13.29) 


M,, + M—>M,,, 
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(iii) Termination 


Growth of chains stops in this step. Growing polymer chains also Stabilize 


them in this step by disproportionation and combination processes. 


(a) 
(b) 


(c) 


(d) 


(e) 


Following are some characteristics of combination process. 

It is a bimolecular process as two growing chains are involved in it. 
Combination results in a polymer of greater molecular weight as compareq ™ 
weight of individual growing chains. 

Total number of dead polymer chains produced by combination is half ‘in 
compared to that of growing chains which combined to form dead polymer. 


Polymers formed by combination have two initiator primary radicals per 
molecule of polymer, ’as initiator radicals are present at both ends of chain as 
end group. By determining number of end groups in a chain we can 
manipulate that this polymer is terminated by combination or not. 


M, and M,, are two growing chains, they combine and form a dead polymer 


M,,,,- Bond between M, and M,, in M,,,, just like thisM, -M.,,. In this 


high molecular weight polymer is formed by combination as compared to that 
by disproportionation. 


n+m 


M, +M,,—*—>M,,, (13.30) 


Following are some characteristics of disproportionation process. 


(a) 
(b) 


(c) 


(d) 


(e) 


Disproportionation is also a bimolecular process. 


Number of dead polymers formed by disproportionation is equal to number of 
reactant growing chains, 


Out of two terminated dead polymers, one has unsaturation and other has 
not. 


Dead polymers produced by disproportionation have one primary free radical 
per dead polymer. Primary radical is present only at one end of dead polymer 
as end group while monomer is present at other end of polymer. 


M' and M'. are two dead polymers formed from M, and M., terminated by 
disproportionation process. Some atoms are transferred from M,, to M, and 


saturated M’*and unsaturated M', produced. Thus by determination of 


unsaturation similar to monomer in end group of polymer, it can be deduced 
that the polymer is teriuinated by disproportionation. 


M, +M,,—“+M', +M’ (13.31) 


13.5.3.1 Kinetics of Free Radical Chain Growth Polymerization 


Kinetie study of chain growth polymerization is manipulated from kinetic 


+ Study of -alli three steps: initiation, propagation and termination. of chal” 
polymerization 
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tnitiation 
8 rate scamegeenet Step is dissociation of initiator because ka <<< k,, so we 
pave 1° consider equa ion (13.27) for determination of rate of initiation (Ri). Ri is 
ual to rate of formation of M,. 
eq 
a , 
dt (13.32) 


f formation of M,. 


Rate of decomposition of initiator is equal to half of rate 0 
y radicals and two 


molecule of initiator produces two molecules of primar 


pecase one : 
Rcan produce two molecules of M, . So 
at]. 1M] 3.33) 7 | 
dt 2 dt —_ @ 
From equation (13.27). we get : | 
dtl «es | 
nas kIT 13.34 | 
dt °° ! 
Equating equation (13.33) and (13.34) | 
a{_M rt 
14[M,] ett) 
2 dt ls 
al M, | |: 
[ad op fT] (13.35) 
dt et J 
Thus Riis i 
R, = 2k, [1] 
As previously explained that all generated initiator molecules do not involved 
. tion. A number of molecules get wasted by oxygen gas. 
_ Therefore only a fraction (f) 1s 


in initiation of polymeriza 
solvent cage effect and due to many ot 
involved in initiation of polymerization, soa 


a «MT on, (13.36) 
aa a 


(b) Propagation 
f consumption of monomer M. Thus 


equal to rate 0 
erally written as 


Rate of propagation is nsul 
29), rate of propagation 1s gen 


U . 
Sing reactions of equation (13. 


a, «AM 1, [A 


Pp 


(13.37) 
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(c) Termination 


icant : 


Equations (13.30) and (13.31), both shows chain termination is a bimoleculay 


process whether occurs by combination or chain transfer. So rate of termination is 
deduced as 


R,, =k,, [M ][ M4] (termination by combination) (13.38) 
4 Ri =k, [M4 ][ M1} (termination by disproportionation) (13.39) 
Adding equation (13.39) and (13.38) as termination occurs by both routes 
R, - R,. * Ry | 
5 : oe oe 
R, =k,.[M][M]+k,, [M][ M4] 
, R, ae (k,. r ki fy 
. R, =k, [mi] (13.39a) 
And rate of consumption of M during termination is 
l d[M] acest 
8. ae =k [M 

dt re 

OTM] cent 

a 2k, | M| (13.40) 


Practically quantity of M is ne 


during initiation is equal to rate of consu 
application of steady state condition 


gligible. it means rate of formation of M 
mption of M during termination. So on 


di M] 
oar ae 
d[M] di M] 
- dt ee ae (13.41) 


_— Putting values from equations (13.36) and (13.40) respectively into equation | 
3.41) 


(13.41a) 


(13.41b) 
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substituting value of [M4] from equation (13.42) into equation (13.37) 


2, = [MH 


R= wim 


Following are results drawn from equation (13.43) 
ssing through origin. 

stant, then rate of 
entration of initiator 


thl~ 


(13.43) 


Equation (13.43) is a straight line equation pa 


kp, ka, k, and f are constants. If we kept [M] con 
polymerization directly depends upon square root of conc 


as shown in Fig. 13.6. 


() 
(i) 


oe 
R, « [I r (when [M] is constant) 


ate of polymerization is directly 


Similarly if we kept [IJ'” constant, then r 
shown in Fig. 13.7. 


portional to concentration of monomer as 


R, = [M ] (when [I]? is constant) 


pro 


more significantly depends 


) and (iii) shows that Rp 
| to square root of {I] and 


(iv) . Comparison of points (ii 
as Rp» is proportiona 


upon.concentration of monomer, 
first power of {M]. 


(i) If efficiency of utilization 0 
concentration of monomer, th 


f primary free radical ‘does not depend upon 
en f will be considered constant and 


1 
| Be wk, ( Fe] = constant 
| IME SS 


Under this condition, by increasin 
rate of polymerization increases as ratio Rp/{M][I 


Putting value of [M] into equation (13.39), expression for rate of termination | 


t 


g concentration of monomer or initiator, 
]!2 is a constant quantity. 


can be deduced as 


R =, (ell) 


kK 
2fk [1] | (13.44) 


t 


Scanned with CamScanner 


www.pdfgrip.com 


922 Madern Physical Chemist 


(i) 
(ii) 


(111) 


| Slope= 
' kpIMI(E ka/k,)"” 


[1] 12 
Fig. 13.6 Plot of Rp versus [I]!. 


R 


P 


' 
i Slope= 
‘a(t kgl/k,)22 


[M] 


Fig. 13.7 Plot of Rp versus [M]. 


Results drawn from equation (13.44) are 


Equation (13.44) is a straight line equation passing through origin. 


It is deduced from this equation 
that R: is linearly and positively 
dependent upon concentration of 
initiator as shown in Fig. 13.8. It 
means by increasing concentration 
of monomer, rate of termination 
increases. 


R, x [1] 


Slope of this plot is equal to 2fka. . 


So by calculating slope, we can 
calculate rate of dissociation of 
initiator and can manipulate speed 
of initiation step. 


In this way. expressions for rate of 


| Slope= 2f ky 


(1) 
Fig. 13.8 Plot of R: versus [I] 


propagation (13.43) and rate of termination (13.44) are derived which help to 


calculate rates along with concentration of initiator. 


13.5.3.2 Degree of Polymerization 


Number average degree of polymerization (xz) is ratio of rate of propagation 
and rate of termination. So 


x Rate of propagation 
is IRI edit sonata 
Rate of termination 


(13.45) 
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es of Ryand R: from equations (13.43) and (13.44) 


putting valu 


k, [M 
___* IM] _ (13.46) 


Equation (13.46) helps to conclude following results 


Equation (13.46) is gh origin. 


a straight line equation passing throu 
r, means high 


is directly proportional to concentration of monome 
f monomer helps to build polymer of long length. 
of initiator which 


ectly 


(ui) Xn 
concentration (e) 
ncentration 
erization 18 dir 
or. It means if we 


n increases but 


al to square root of co 
(13.43), where rate of polym 
ot of concentration of initiat 


ncentration of initiator, then rate of polymerizatio 
ization increases, because larger 


chain length decreases. Rate of polymer! 

number of initiator molecules can generate large quantity of primary free 

radicals, which have ability to react with a greater quantity of monomers an 
ploying high 


speeds up polymerization rate. On the other hand, by em 
concentration of initiator, there are greater chances of growing polymer 


chains to combine with primary free radicals of initiator and terminates 
polymerization, thus chain length decreases. In this way, concentration of 
initiator has dual effect. If we gain in speed of polymerization, then we lose 


chain length at the same time. 


is inversely proportion 


(ii) Xn 
o equation 


increase CO 


13.5.3.4 Kinetic Chain Length 


ni Fe of monomer molecules th 
cal which can initiates polymerization © 


Kinetic chai 
netic chain length is directly proportional tO Xn. 


at consumed by a single primary free 
f a chain is called kinetic chain length. 


Xn & V 


(13.47) i 


a> (constant) v 
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Value of constant of above equation depends upon route of termination. ‘ 
combination or disproportionation, adopted by growing polymer chain. } 
4 


(i) Combination 


Value of constant is 2 for termination by combination, because in combination 
two polymer chains combine and x, becomes double of kinetic chain length. Thug 
equation (13.47) will be 


Xn = 2v 
ya xe (13.48) 
2 


Putting value of x, from equation (13.46) into equation (13.48) 
k,[M ] 


: 2(fk,k, nad 
¥ = catia abies 


afk iM) | 
2| tek, LF | 
ga holM] (13.49) 


4(fk,k, } [TF 


Equation (13.49) shows similar results to equation (13.46). It also shows 
inverse relation with [I]'” and direct with [MJ]. In addition to Xu, kinetic chain length 
is another parameter to study length of polymer chains. So, similar results are 
drawn. 


(ii) Disproprtionation 


Value of constant is 1 for termination by disproportionation. It is because two 
polymer chains do not combine, some atoms are transferred from one chain to other 


only. Thus xy becomes equal to kinetic chain length. Thus equation (13.47) will be 


Xn =V (13.50) 
Putting value of x, from equation (13.46) into equation (13.50) 
me k . [M ] 
! 1 
2(fk,k, )?[ 1}: 


ae Equation (13.51) shows similar results to equation (13.49) as equation (13.5!) 
Similar to equation (13.49). 


a hc oe 


(13.51) 
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aneous Kinetic Chain Length 


4 5.35 [Instant 


[nstantan 


olymer chains an 
por rovides picture in terms of termination processes rather e 


dicals. So 


ous kineti i i 
e inetic chain length is ratio of rate of formation of growine 


d rat 
ate of formation of dead polymers. Instantaneous kinetic chain 
ffective fraction off 


Jen P 
initiate” primary ra 


- Rate of formation of growing polymer chains 13.52) 
Rate of formation of dead polymer chains - 


If all dead polymer chains are represented by Y, then 


9M—>Y (combination) 


te of termination by combination (Ric) is given as 


d[Y _ 
= oi 


te - 


Ra 
(13.53) 


and 
9M — 2Y (disproportionation) 
nation by disproportionation (Ria) is given as 


Rate of term! 


(13.54) 


f formation of dead chains during termination is obtained by 


Overall rate 0 
54) 


adding equation (13.53) and (13. 
di Y 72 ant 
YT fp +L] 


(13.55) 


— 


ahd = (k,, +2k,, my 


radicals and rate of formation 


Putting values of rate of formation of growing 
(13.37) and (13.55) respectively into equation (13.52) 


of dead chains from equation 

_ IMM 

(k,, +2k,,)[M]} 
(k,, + 2k, [M] 


prehensive view, a new parameter 
f dead polymer chains per termina 


(13.56) 


E introduced. § 


‘RF or more detailed and com 
tion. So that 


to express rate of formation 0 
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it can be manipwated that whether combination or disproportionation, process of 
termination is contributing more in termination. So 


Rate of formation of dead chains 
Rate of termination 


Putting value from equation (13.55) into above equation’ 


(k,, +2k,,)[M] 
k,[M] 


= Ante | (13.57) 


Thus vi and & provides a better study. Equation (13.57) shows that it is a 
constant factor which is independent of concentration of monomer and initiator, 
while equation (13.56) shows that vi positively depends upon concentration of 
monomer. 


© 
S 


13.5.3.6 Chain Transfer 


When a growing polymer chain becomes dead polymer and a new one is 
initiated, this is termed as chain transfer. Transfer agent in chain transfer is not 
monomer only, but it can occur with solvent, initiator, polymer and modifier. Let we 


have a growing polymer chain (M,) and transfer agent XY, both reacts and form 


stable M, ~ X and free radical ¥. 
M,+XY—>M,-X+Y 


(i) Monomer Transfer 


When a growing polymer chain ( M,) converts a monomer into a free radical 
_and itself become stable, then monomer transfer occurs, 


M, +M—“*>M, +M 
Rate of monomer transfer can be written by using above reaction 


Raw = Kun [M, I ' (18.58) 


Where kim is rate constant of monomer transfer reaction. Transfer constant 
of monomer transfer is 


(13.59) 
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t Transfer 
golvent transfer occurs when growing polymer chain (M,) 
(S). As result of chain transfer, solvent molecules conve 


ecules 
polymer chain becomes stable. 


M, 4 §5—4M, +S 


is involved with 


; lve” 
rt into free 


js and 


ove reaction 


olvent transfer can be written by using ab 
(13.60) 


Rate of s 
R,< = ks{M, [5] 


e kis is rate constant of solvent 


t transfer 


Wher transfer reaction. Solven 

sonst ant 18 
= (13.61) 
w.S ; 
k, } 
jtiator Transfer | 
r. Here is its chain 


Chain transfer agent i 


eee 


Gi) In | 
s initiator in initiator transfe 


sfer reaction 


tran 
M, + [—“>M, +] 


Rate of initiator transfer is 
B= Kal Ma ][] | (13.62) 


s rate constant of initi 


ator transfer reaction. Initiator transfer 


Where ktr1 | 
constant can be written as 
k 
C,,=—" (13.63) 
k, 
degree of polymerization (xn) is ratio of 
ns are 


ow number average 
y chain transfer reactio 


n rate. But here man 


As we kn 
ation rate to sum of termination rates 


propagation rate and terminatio 
possible, so Xn is ratio of propag 


m Rate of chain growth 
7 of dead polymers by all processes 


~ Sum of rate of formation 
and initiator transfer, 
n will be 


by all 
processes, 


nsfer 


fer, solvent tra 
Thus above equatio 


trans 
mation. 


In addition to monomer 
d polymer for 


term] . : 
ination is also included in dea 
zs R 
Xn = £ 
Rum + Ries + R,.1 +R, 


{Re Re Pe * R 
— = tr.M tS tr] t 
Xn R, (13.64) 
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‘ Ala 
Putting value of Ri from equation (13.39a) into (13 ) 


2fk,[I]= 2R, 
13. 
R, = fk, [I] nen 
and Rt from equations (13.58), (13.60) 


Putting values of Rirm, Rts, Rie, Rp 
(13.62), (13.37) and (13.65) into (13.64) 


> i [M, _— 


= nar 14 
Kear [My JEM] kes [Mo JIS] ke[Ma JOT 
x, [aE Ji, J 6, JO], [ 


Kem | Ki. Ss [S] k,,. I [1] fk, [1] * 
= k,  k,[M]_ k,[M] “(MJ (1p-66) 


Substituting Ci.m, Cirs and Cirs into equation (13.66) by using equations 
(13.59), (13.61) and (13.63) respectively 


l fs). [), t.[] 
a oe Cy fs Cie s +C,. ais: 
Xn . [M] [M]_ k »{M |[M] 
Using equation (13.41a), concentration of initiator is determina 
k, [M, | | ” 
ils fk (13.68) 


d 


Putting value of [I] from equation (13.68) into equation (13.67) 


Jt =C,. 4 + [s] . = k, [M, | fy, e[M] 
fe "Coo *Coafygy* Ca i Ma) RT JOM 


[S} KLM] k(t 
——s Cem + Ci. +C, = - = : ! 
= MySay py 8 
From equation (13.37), we get 
a 


k,[M] 
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substituting shiciecta) [M, ] from above equation into equation (13.69) 


“(etia) (eta) 


Xn : [M] “tk [M] k (M] 
1 » 
he Com + Cua fhe c,, te k R, 

J ae (>M]oMy | kM IM] 
A it atl {s] | kR? KR, 


sj tr,S (ee 
a IM)" aaeqMy [ME 


1 S ; : 
a Oil +0 go Je] +C.. {z kK, i | | |e (13. 70) 
. kK, [ [My 


| [M] M] 
Equation (13.70) gives average degree of polymerization in terms of chain 


r constants. 


or 


pransfe 
fer to Solvent 


f low Curt value is used and R,/[M]? kept constant by adjusting 
3.70) will be 


(ii) Chain Trans 


If initiator 0 
the concentration of initiator, then equation (1 


: Ss] (13.71) 


fe) 


es 
x 


Following results are 
drawn from equation (13.71) 


() Equation (13.71) is a 
straight line equation in 
intercept form as shown 


in Fig. 13.9. 


(i) — Slope of graph is equal to 
Cus. 


(ii) Intercept of the graph 
provides value of inverse 
of number average 
degree of polymerization 
in the absence of solvent 
transfer agent. 
ener hes 0 [S]/(M] 


Slope=Cirs 


ry 


Fig. 13.9 Plot of [S}/[M] versus as 
Xn 
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Thus this graph provides values of constants, that is why it is eXCessive], 
used to study free radical polymerization of styrene. 


(iv) Chain Transfer to Monomer and Initiator 
If chain transfer to solvent is absent, then equation (13.70) will be 


lic iac {| -+( k, | R, 
x, = Gum te fk, tk, ke [My k° (M]’ 
Previous discussion shows that initial form of above equation is 


1 ui -(# 


= Com * Co et [M] (13.72) 


ace 


Following results are drawn from equation (13.72) 


Xn 


(i) Equation (13.72) is a straight line equation in intercept form. 


(ii) If Rp is plotted against J. then for small values of [I], [I]—0, equation 
Xn 


(13.72) will be 


1 k R 
ee Sh p 
= tr.M (|e 


As Cinm, ke oe kp? are constants, so a linear plot obtained. Similar plot also 


obtained: i — is plotted versus 1/[M]?. 
Xn 


(ili) For large values of. [I], if Rp is plotted against = Jing using equation (13,72), 
Xn 


then a non-linear graph results because role of chain transfer to initiator 


becomes prominent. 
a this graph — information about role of initiator on relation of Rp 


and — and, of [M]* and — 
Xn ates, 

13.5.4 Mechanism and Kinetics of Cationic Chain Growth Polymerization 

Typical catalysts for cationic polymerization are Lewis acids and Friedal 
Craft’s catalysts such as AICl3, AlBrs, BF3, SnCla, HeSOs and other acids. All these 
are strong electron acceptors. Most of them require co-catalyst to initialé 
copolymerization usually a base is used. 

In this polymerization, the rate and average degree of polymerization can be 
given as 


R, = -—— = ~k{Ca t][M] (13.73) 
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eee 
Xn = k'{M] 


e facts we took the 


ge are the experimental results, to explain thos 
»O as catalyst. The 


olymerization of isobutylene using BF; and H 


0 
uae mis consists of following steps 
) 
mee jnitiation Process 
i) . 
( BFs and HO react to form a complex which adds a monomer unit to form a 
roi = 
BF, +H,O > (F,BOH) H* (complex catalyst) 
a Lt H OH 
¢,BoH H+ =6  —— q—b—ct (FsBOH) 
| | 
Monomer Carbonium ion complex 
(i) propagation 
The carbonium jon adds to a monomer to produce a large carbonium ion. 
H CH H CH, CH Gis Gis 
H—-C-C'(FsBOH) + (=F > - nso-¢ fore pot FFsBOM 
n 
H CHy H CH; CH,  CHs CH3 
Termination 
lecule 


deactivated to form a polymer mo 
] unsaturation. 


(iii) 
In termination step, step active ion is 
The polymer molecule has termina 


by ejection of proton. 
CH GBs CH, CHs CH; CH, 7 
ue-6-fors CCHF" FROM > H,0-¢-oHy CoH ¢ + (F;BOH) H 
CH, CH; — CHs 


CH, CHy CH; 
This step regenerates the catalyst in original form. This mechanism may be 


generalized as follows 


Using A and BH for the ca 
catalyst complex and HMn7*(AB) 
and M as the resulting polymer. 


Initiation: A + BH > (AB) H” 


talyst respectively, (AB) H* as the 


talyst and co-ca 
m ion complex. M as the monomer 


as the carboniu 


Propagation: HM; (AB) +M, > HM; (AB) 


HM; (AB) +M, -> HM;(AB) 
Termination: HM;(AB) > M, +H’ (AB) 


t ie Np 
he rates of individual steps are given below. 


a 
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R, =k,1A] (13.74) me 
R, =k, {HM* (AB) ][M] (¥3.75) 
R, = k, [HM‘(AB) J (13.76) 


Since most of the monomer is consumed in the propagation step, one can 

i assume that the rate of polymerization is given by equation (13.75). Since the 

] concentration of carbonium ion complex [HM*(AB) J, the reaction intermediate 

cannot be determined experimentally, the steady state approximation can be used to 
evaluate its concentration in terms of experimental quantities. Thus 


R, =R, 
k,[A] =k, [HM*(AB)"] 


k. 
, 4! = [HM’*(AB) ] 
Putting this value in equation (13.75) 


_ kp LAIMA] (13.77) 


Which is in good agreement with experimental equation (13.75) when 


k=k, 


The degree of polymerization is 


= R,_ k,{HM*(AB)][M] 
R, _k,(HM (AB) ] 


Therefore the proposed mechanism explains the experimental results. This 
* mechanism is basic and simple. 


Similarly styrene can be polymerized with trifluro acetic acid as catalyst. 
13.5.5 Mechanism and Kinetics of Anionic Chain Growth Polymerization 


Anionic polymerization involves the formation of anion. It occurs in the 
presence of a catalyst which yields electron readily, i.e. electron donors. For example 
triphenyl methyl] sodium, potassium amide, butyl lithium in benzene, alkali metal 
amides etc. We consider the polymerization of Styrene using potassium amine 
(IXNHz) in liquid ammonia as catalyst. 
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{nitiation 
po K +NH, > K‘NH; 


K*NH; <> K’ + NH; 
NH; (catalyst) +M—\+NH,M~ (chain carrier) 


‘i propagation 
1} 
NH,M, (complex) + M —t_»NH,M; ' 


aii) Termination 
i 
NH,M, + NH; —*»NH,M,H+ NH, 


ates of individual steps are given below. 
(13.78) 


The Fr 
R, = Kk, [Cat][M] 


Rp = k,[complex][M] (13.79) 
(13.80) 


R, = k, [complex][NH,] 
the propagation step, one can 


by equation (13.79), rate of 


monomer is consumed in 


e most of the 
f polymerization is given 


Since 
assume that the rate © 
propagation is 

d{M 
_aIM} _ \.,[complex]{M 
dt 
oximation can be used to evaluate its concentration in 


~ 


tate appr 


The steady § 
] quantities. Thus 


terms of experimenta 
"OR, =R, | 


Kk, [Cat][M] = k, [comp! 


[complex] = Kk,[Cat][M] 
i, [NH] 


ex][NH,] 


ia ee 
eee 


/ 


Putting this value in equation (13.79) 


Kk, (cat](M)° 
ee 
k,  (NH,] 
The average degree of polymerization is given by 
k, [complex] [M] . 


x, Fe. OP 
R, k, [complex][NH,] 


_ k,{M] 
"" k, (NH,] 


Lec) 
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Anionic initiation reactions are much more complicated and the mechanism 
proposed are specific for each catalyst. 8 


Example 13.4 

If Ma of polymer of glycol and 1,2-ethandiamine is 25,000 g/mol, then 
calculate its degree of polymerization. 
Solution 

Number average molecular weight = M,= 25,000 g/mol 

Molecular mass of water= Mw = 18 g/mol 

Molecular mass of repeating unit = M, = 86 g/mol 

Degree of polymerization = n =? 

Polymerization reaction is 


HOC,H,OH + H,NC,H,NH, —“°_,HO(C,H,HNC,H,NH), H 


Molecular weight of polymer = (86xn) + 18 
25000 = (86x n)+18 
86xn = 24982 
n = 290.48 


13.6 COPOLYMERIZATION 


That type of polymer which is made up of two monomers is called copolymer. 
‘The process by which copolymer is synthesize known as copolymerization. 


13.6.1 Classification of Copolymers 


On the basis of arrangement of monomeric units in copolymer, copolymers 
are divided five different classes. Structure of all classes is different from each other. 
Classification scheme and structure of each class is shown in Fig. 13.10 while their 


detail is as follows 


(i) Statistical Copolymer: If arrangement of monomeric units in copolymer is 
completely according to statistical laws, then that copolymer is termed as 


statistical copolymer. 


(ii) Alternate Copolymer: If two monomeric units successively alternate each 
other in polymer, then it is alternate copolymer. 


(iii) Random Copolymer: These copolymers have no specific pattern of 
arrangement of monomeric units, 


(iv) Graft Copolymer: That branched copolymer in which one monomeric unit 
forms backbone and other forms branches attached to this backbone is know” 


as graft copolymer. 
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and form block 


s% 
plock Copolymer: Many monomeric units of one type coml 
ine 
arly and form 


wv) pater these blocks of both monom 
a e a 
sock copolymer. ric units get arranged line 


Random => Ma-My-My-Mz-My-Mz-Mi-Mz-Mi Mi 


Altemate >» My-Mz-NMy-Mo-My-M2-M1-Mz-M; Mz 


3 Block ——> Ms-My-Me-Mo-Mz-Mz-Mr-Mi-Mr-Mz 

eo | 

8 3S Graft) ———>_ My-My-My-My-Ms-Mi-Mi-Mr-My Mr, 

E 3 Me, sees Mz M: 

rs Mz Mz Mz 
M2 Mz M; 
Mz M; M; 


_Statistical 


Fig. 13.10 Classification of copolymers along with sketch of 
structure of each class of copolymer 
bh ' fea : 433 
through step ‘as well’ ‘as chain growth 
mers whether they prefer step growth or chain 
‘ation to explain’ kinetics 0 
s discussed ; before | while 


jnetics of Copolymerization. 


-merization can occur 


merization. It depends upon mono 
th. Here we Use free radical chain grow th polymeriz 


rization. {nitiation and termination are same..a 
different 1n copolymerization: 


13.6.2 K 

Copoly 
poly 
grow 
copolyme 
propagation is 

“Let M: and Mz are tw 
‘owing radicals respectivel 


oup in’ binary mixture. 
qual chances for M, 


ition ad . and 
as, M,..or MI, as 


So there are four, possible Ce enirt 
to bind with Mi or M» an cd 


9 commoners involved in copolymerizé 
M,-are their g? y- Growing , radicals may , h 
growing end gr 
ecause there are © 


ae ) 


reactions b 
versa for M, radicals. i 
M, binds with Mi, 80 caval reactive erie grou | and penultimate 


Reaction I: 
nstant of self ‘addition, ‘of M, to, Mi. 


specie is.of Mi, kisi is rate co 
Reaction II: M, binds with Mz and product has terminal, reactive end gi 
tiki specie of Mz and Mi respectively., kv is rate, constant of M, addition te 


roup: and 


product | has terminal, reactive group and 
1 sen 


Mp, and 
elf; addition. of, M,. to Me, 


Reaction III: Here M, binds with 


‘pen 
ultimate'specie of Mz. ko is rate constant of s 


product, has res 
“addition ne M 


Reactj 
ction IV: M, binds with, M., esctive ‘end group | ‘of Mi and 


Menultj oie 
Imate specie of Mp. ku118 vate ‘constant of N, 
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Reaction-| nny +My; ——> aAwM, —M, or ~ My 
. , ky2 : ‘ 
Reaction = ~A~M, +M2 —+ rnrvM, —M, OF aAWM, 
Reaction-Il = »~A.~Mz +Mz —— rA~Mz —M2_ or Ficus Me 
k2s 


ReactiondV aAw-M, +M1 —~+ nA~M2—Mr OF AW My 


Penultimate Terminal 
model model 


Fig. 13.11 Brief sketches of products according to penultimate and terminal models 


Terminal and penultimate models are such propositions which describe 
reactivity of growing free radicals in copolymerization. Fig. 13.11 exhibits brief 
sketches of products considered according to penultimate and terminal models 
Following is detail of these models 


(i) Penultimate Model: This model suggests that reactivity of growing polymer 
chain depends upon last two units of chain. It means reactivity of products of 
reaction-I and reaction-IV are not equally reactive for further propagation of 
chain and vice versa for products of reaction-II and reaction III. 


(ii) Terminal Model: This model proposed that reactivity of growing polymer 

chain only depends upon last unit of chain. It means reactivity of product of 

. reaction-I and reaction-IV, and products of reaction-II and reaction III have 
equal reactivity for further propagation of chain. 


We discuss kinetics of copolymerization within perspective of terminal model as 
(a) It is not so complicated to describe. : 
(b) It gives general principle by which most of the copolymerizations have been 
explained successfully. 
By accepting general propositions of terminal model, following fruitful 
conclusions from some suitable limitations can be successfully drawn 


CaseI ki>>ki2 and k22>>k2) 


If case-I is applicable, then terminal reactive group prefers self addition of 
monomers and block copolymer polymerized. If ki1>>>>ki2 and keg>>>>ko, then 
homopolymer may formed because there is much greater tendency of self addition of 
monomers which may not give a single chance to bind with monomer of other kind. 


Case II kiz>>ki and ko:>>ke» ; 
. Under these conditions, growing polymer chain of one type prefers to bind 
with monomer of other type, thus alternate copolymer is formed. 


Case II I kis=ki and koi=kee 


Now, growing polymer chain of one type has equal tendency to bind with both 
monomers. Thus random copolymer is formed. 


j 


Detail study of kinetics according to terminal model is as follows ; | 
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pate of reaction-I 


d| M 
ae e Jat, [MM] (13.80) 
‘ ‘ ; 
actio® nn M,+ M, —#—M, 
e 
rate of reaction-II is equal to rate of consumption of Mz, as 
d| M 
n> {Mm k, ol 1 [Me] (13.81) 
Rate of yeaction-III is ae to rate of consumption of Mz, a 
dj M, P 
Rin --‘J. k, ,|M 2 [Me] (13.82) 
Reaction 1v M,+ uM, 
Rate of reaction-IV is equal to rate of consumption of Mi, as 
sli V 13.83) 
v= AM =k, [M. IM] ( 
Monomer M1 is consumed during reaction-I and IV, so 
4M] J. =R,+Ry 
dt 
Thus, equations (13.80) and (13.83) are used to write equation for rate total of 
consumption of Mi 
Ml. k,,[M MJ kn [M, [MJ (13.84) 
Monomer Mz is consumed during reactions II and III, so 
d| M 
M4) = Ry +Rur 
Thus, equations (1 3.81) and (13.82) are used to write equation for rate total of 
consumption of Mi 
d| M ; ; 
£4) = Ky [M, [Me }+ ke [M, JM] (13.85) 
(13.85) 


Dividing equation (13.84) by 
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a[M,}_ ku [M, J[M, }+k,,[M, JM, ] 
d[M,] " k,,[M, |[M, J+ k,,[ M, [[M, ] 


Divide nd multiply above equation by [M, ] 


[fl [of 
J EM, JU dee [My JM, }+,.[M, JDM, ] 


til 
d[M, 


wl LM, | 

apy ORC sl 

a[M, | iM. 1 M 
r[M, Fa yrhel He 7 
we J | M, | 


u, suf is .[M,} 


[tJ 
| k,, iM: | |+k,. »{ M, | an M. 71 
; haa 


i 
d{M 


(13.86) 


M,and M, are two principal radicals present in reaction mixture, As 
polymerization is a fast process, so steady state condition tells that net concentration 
of M, and M, is zero in reaction. It means rate of formation of M, is equal to rate of 
consumption of M, and vice versa for M, . Thus rates of reaction-I] and IV are equal, 


_ and rates of reactions I and Il are equal. Self addition reactions of M, and M, 
not consider re ed sere as product and reactant are same species. So 


are 


[ M, | k,{M, | | (13.87) 


‘ rte M, Ji 

dM, | k,,[M, i: Kan} eM] 
Mal. =m... . etm a 
wilt een 2 ke M, J WG EM J a 


a 121.4"29 
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k,,| M, 
a[M, | Kai ul +k,,[M, ] 


d{M,] Koo[ My |+ k»[M, ] | 
equation with koi{M1) i 


viding nominator as well as denominator of above 


Kay kM] k,,[M, ] 
a[M,] _ Ko: Kol M,[M,}” ai[M] 
d{ M, ] Kyp[My ] | k,,[M, ] 


ky, [M, ] k,,[M, ] ; 
| 


Di 


es oe 


(13.88) 


Substituting reactivity ratios r and rz 


| 
from previous both equations into 
(13.88) 


ai 
'{M, ] (13.89) 


is a copolymer ‘composition equation which gives 
Mi polymerized with respect to concentration of monomer 
ion we can determine feed ratio of monomers 
assumed that feed ratio of mixture is equal 


Equation (13.89) 
concentration of monomer 
My in time dt. Using this equat 
((MiJ{My]) into polymer, as it 1s generally 


to feed ratio of polymer. 
ion data in terms of feed ratio, term of mole 


ontinuously depleting from reaction and 
le fractions of monomer M: and Moz into 
ixture are fi and fz. So 


(13.90) 


_ It is always not necessary to ment 
sin ton is also used. Monomers are © 
a "porated into polymer, so F; and F2 are moX 

ymer, while their mole fractions left in reaction m 


F,+F =1 


d[M, | 
FB eick = 3. 
IE aM Fra] = 
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= d[M; J (13.92) 
i F =1-R = aM, + d[M, | 
and f, +f, =1 (13.93) 
| oo J (13.94) 
f, =1-f, = 
” Ei, LM] 
tad J (13.95) 
f, =1-f, = : 
[M, }+[M,] 


To correlate mole fractions of monomers incorporating into polymer and left 
in mixture, we modify equation (13.89) as 


Multiply nominator and denominator of equation (13.89) with [M1}[Mo] 


| apy 8 OMOTM IEE « EM, 1M] 


d[M,]~ 


— 


relM 0M Jpeg * OM Ma] 


d[M,]_ n[(M,] +[M,]M.] 

d{M,] +,[M.] +[M,][M,] 
Rearranging above equation 

d[M,]_ r[M,] +[M,][M, | 

d[M, ] r{(M,} +[M,][M,] 


Add 1 on both sides of above equation 


d{M.J ,_m[M.] +[M,][M,] 


a(M,J" ~ y,[M, +(M,]M, ] 
a{M, ]+d[M.]_1,[M,f +[M,]M, ]+x,[M, 7 +[M, ]M,] 
aM, | n{M, J +[M, ]M, ] 
Now substituting F; from equation (13.91) into above — 


TIM, ij -[M, [M, ] 


Divide nominator and denominator of above equation with ((Mi}+[Me2])? 


+1 


Bs 
‘- 
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_(™.F ,,_ [MIM] [Mf 
“a , Mat, [Ma TM] 
(mM, ]+[M, ]) 


(M,}+(Ma]) 


Substituting f, and f2 from equation (13.94) and (13.95) into above equation 


Tp + 


+ 


A Lone + ff + nf 
F, rf; + f,f, 
rf2+f,f 
ye ok. ee 
or 1 ate ty of: f? + rf? (13.96) 
2 
ee rf, + ff, 


= SSS 
2 
rf? + 267 f} + xf; 


ef 4h f 

F, =1-—>- 4 13.97 
. rf; + off? +4r,f; ( ) 
Equations (13.96) and (13.97) give amounts of monomers into reaction 


mixture and polymer at different mole fractions. 


y Ratios and Composition of Polymer 
are useful to predict nature of copolymer 
d their immediate predictions 


13.6.3 Reactivit 


Reactivity ratios 11 and rez 
Following are some special cases an 


formed. 


Special Case I: r= F2 = 0 

This is possible when ki; and kee are zero and kiz and ke: are not zero, it 
means tendency for self addition of monomers is negligible while tendency to add 
monomer of other type is significant. So both monomers are alternatively add into 
polymer and a perfect alternate copolymer is fabricated. 


Special Case II: r, =") =® 
are zero, accordingly there is large tendency 


This is possible when kig and kz2 
d to addition of monomer of other kind. So 


for self addition of monomers as compare 
homopolymers are formed. 


Special Case III: r= r2 = 1 


7 Now ki, kee, ki2 and ke: are equal, 
addition and non-self addition of monom 
copolymer is synthesized. 


so a competition develops between self 
ers. Under such conditions, random 
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Special Case IV: r) ry = 1 

This is case of ideal copolymerization, under this condition copolymer ig truly 
random but this condition does not prevail mostly due to side reactions and non-idea} 
reaction conditions. 


Example 13.5 


If feed ratio of styrene and maleic anhydride is 3:1 and reactivity ratios of 
styrene and maleic anhydride are 2 and 0.25 respectively, then calculate COMPOsition 
of copolymer. 


Solution 
Concentration of styrene = [Mi] = 3 [M2] 
Concentration of maleic anhydride = [M2] 
Reactivity ratio of styrene =r; = 2 
Reactivity ratio of styrene =r2=0.25 
Composition of copolymer= d[Mi}/d[M2] = ? 


Using copolymer composition equation, we have 


a[M,]_ "PM,) a [M, | _2x3+1_ 7 Tr 
d{M, ] Med 0.25x4Me +] OP 44 0.083'+1 


13.7 MOLECULAR WEIGHT AVERAGES 


‘Molecular weight of a polymer cannot have a single value as all chains of 
polymer synthesized at one time are not equal in length. Thus for this kind of 
polydisperse system average molecular weight is quoted. Viscosity average, z- 
average, number average and weight average molecular weights are different 
molecular weights which can be determined different methods. A single method of 
characterization cannot measure all kinds of weight averages. 


(i) Number Average Molecular Weight 


Number average molecular weight (Ma) is summation of all fractions of 
polymers multiplied by their molecular masses. Let fi is fraction of molecules of mass 
Mi, f is fraction of molecules of mass Myand so on. 


— 


M, =f,M, +f,M, +f,M, +....+£M, 
Generally it can bie written as 
Ma, = 2, £M, . (13.98) 
If Ni is number of molecules of fraction of molecules fj, and Nrotal is total 


number of molecules, then - 
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f = 21 
Novoeat 


(13.99) 
where Noal = Zi N, 


putting value from equation (13.99) into (13.98) as 


= FNM 
lel * (13.100) 


Total 
gquation (13.100) gives formula for calculation of Ma. 


;) Mass Average Molecular Weight 
(i 


Mass average molecular weight (Mm) is calculated by summation of all mass 


s multiplied by their respective molecular masses. Let wi is mass fraction of 


actions : ; 2 
ecules of molar mass Mi, w2 is fraction of molecules of molar mass Mz and so on. 


Mm = w,M, + w,M, +w,M, +....+.w,M, 


Generally it can be written as 


Mw ==, w,M, (13.101) 
If mi is mass of molecules having molar mass Mi. and mroal is total mass of 
sample of polymer, then 
w= (13.102) 
Mpyeal 


Where. Moja) = 2, ™, 
Substituting value from equation (13.102) into (13.101) as 
— mM, 
M Foal 
— mM, 
"Ym, 
We know that 


= 2 NM, _ hence above equation will be 


1 
A 


NM, 


2, 
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vw. NM 13.10 
"“=NM, — 


Equation (13.103) gives formula for calculation of Mm. Mm > Manis applicable 
for polydisperse system, since longer chain has greater mass, so it can Greatly 
enhance Mm, while it is very rare that a large number of chains of single fraction is 
present. 


(iii) z-Average Molecular Weight 


z-average molecular weight (Mz ) is 


= 2a ee 
M, =—i i i 13.104 
5, N,M? —e 
Equation (13.104) gives formula for calculation of M.. Mz > Mm > Ma, this 
trend exists because weighing factor is NiM:? inM:z. 
Other Molecular Weight Averages 


Viscosity and z+1 average molecular weights are also used in variou 
experiments. , 


(i) Viscosity Average Molecular Weight 
Following equation is used for determination of viscosity average molecular 
weight 
_ oe Ve 
My = i NM; 
di N iM, 
Where a is constant used in Mark-Howink-Sakurada equation. Value of a 
usually vary between 0.5 and 1. 
(ii) z+1 Average Molecular Weight 
Following equation is used for determination of viscosity average molecular 
weight 
—_ 4 
y, NM 
We have following general expression of molecular weight 
x, NjMs" 
2, N;,M’ 
When a=0, then M=M, 
When o=1, then M = My 
When a=2, then M=M. 
When a=3, then M = Meat 


M= 
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ation is the 
distribution 0 
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e Degree of Polymerizat 


nomer units in the ch 
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persists among 


disperse. But they 
se, Different terms 
n among scientists 
ht of a polydisperse 
Mw rather gimply 
t determine weight of same 
. Both these scientists obtained 


nt from Mw. So conflict 


weight 


of molecular weights 
molecular weights. 


n a given 


ht in polymer sample. 
nce the degree of 
f polymerization. 


ion (X.) 


ain of number average molecular 
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| = Mn 
i », & = 
M, 
oo ; i ; 
| Where Mp is the molecular weight of repeating unit in the chain. 
| 


B. Weight Average Degree of Polymerization (Si) 


It is the number of monomer units in the chain of weight average moleculay 
weight, so 


For high molecular weight polymers, value of X, and Xw will be very large. 


Example 13.6 


Sample A of polymer is polydisperse. 4. 8. 1 and 3 chains have weight 10.000, 
2,000, 5,000 and 15,000 lb/mol respectively. Calculate M., Mm and M, and compare 
their values. 


Solution 

Number of chains having weight 10,000 Ib/mol=4 

Number of chains having weight 2,000 1b/mol=8 | 

Number of chains having weight 5.000 Ib/mol=1 

Number of chains having weight 15,000 lb/mol=3 

Using equation (13.87). (13.90) and (13.91). we calculate M,. Mm and M, as 
ti) i, = %, NM, _ (4 « 10000) + (8 x 2000) + (1x 5000) + (3x 15000) 

N (4+8+1+3) 


Total 


> 40000 +16000+5000+ 45000 106000 
Ma = a = _ = 6.625 x 10° lb/ mol 
d 


— Y¥NM? 
Gi) | Me = St 
> NUM, 
(4 (10000)") +(8 x(2000)") + (1 «(5000)") +(3% (15000)") *” 
wast (8x 2000) (1x 5000) « (315000) 
ie | (410") + (8210") + (25%10°) + (675% 10"). 1.182410" 
eee EEE TBO Te eae TY 
Mm =10.6%10' Ib/mol 


Wi» =: 
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. — _,N,M 
k . M. = i foal 
. w 5, N.M? 


| — _ (4(10000)’) +(8x(2000)’} + (1 «(5000)') + (3»(16000)') 
— (4«(10000)') + (8(2000)*) + (1 «(5000)" } +(3(15000)" } 
— (4x10!) +(64 x10") + (125 10") +(10125x10°) 1.4314 «10" 
"(4% 108) +(32%10°) + (25 x10®) + (675 10°) ~ "7.132% 10° 


M, = 12.64 10° lb/ mol 


Calculates values shows that 


| M. (12.64 «10? Ib/ mol) > Mu (10.6x10" Ib/mol) > Ms (4 » 10° tb/ mol) 


13.8 MOLECULAR MASS DETERMINATION METHODS 


Osmometry, viscometry. light 
scattering and sedimentation methods are 
commonly used methods for determination of 
molar mass of a polymer. Some methods are 
given here in detail. 


13.8.1 Viscosity Method 


Viscosity of a fluid is a fundamental 
property which has been described in section 
11.11. Viscosity measurements can be used for 
determination of molar mass of a polymer. 
Ostwald viscometer is the simplest apparatus 
which is used for measurement of viscosity of 
a solution. Ostwald viscometer consists of a 
bulb B with markings x: and xz attached toa 
capillary tube C and a reservoir D as shown in 
Fig. 13.13. A liquid is introduced from C and Fig. 13.13 Ostwald viscometer’ | 
sucked from B side. Then time of flow of liquid 
from x1 to x» is recorded. The value of relative viscosity can be measured using 


following formula. 


7 pl 


Se Se 


y By 4 


il 


rr 
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Where, 
n = viscosity of solution 
Ny = viscosity of solvent 
t = time of flow of solution 
ty = time of flow of solvent 
p = density of solution 


P) = density of solvent 
d viscometer while densities can be 


Time flow can be measured by Ostwal 
obtained from relative 


determined by filling gravity bottle. Specific viscosity is 
viscosity using the following relation. 


Isp = ret -1 
The specific viscosity is converted into reduced viscosity by the relation 


Where, C is the concentration in gmL!. 
Dep . 

a is plotted as a 
function of concentration of 
polymer as shown in Fig. 
13.14. The intercept of the 
plot is viscosity of the solution 
‘at infinite dilution and it is 
called intrinsic viscosity i.e. 


Nsp/C 

Intrinsi : rr _y; Iep 
ntrinsic viscosity =[7] = Lim, ,, 7 

The relation between . 
[7] and molar mass of a 7f* 
polymer is given by the [n] 
equation 

[n]= KM? Cc 
Whee wand K aw Fig. 13.14 Plot of nsp/c as a function of 
concentration. 


pie constants and M is 

t 

: ' molar mass of polymer. The above equation can be used for determination of 
ar mass of polymer for which K and @ are known. 


13.8.2 Sedimentation 


L . 
Wicca or, ae a particle of polymer in solution which moves under the 
gravitational field. The falling particle having mass ms experiences ? 


el 
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ge 


jfugal force which is equal to w@’rm and buoyancy force. The net force acting on 


ticle can be written as 


Net force =centrifugal force — buoyancy force 


centr 
the par 


= mro? orm. (13.105) 
Where, @ is the angular velocity of the rotor in radius per second, r is the 


- distance from centre of rotation of particle. 


(13.105), 


As we know thatm, = pv, by putting this value in equation 


= mr@ - a'r pv 


So, net force will be equal to frictional force 


[4] = mr’ -o'rpVv 
\ dt, 
dr 2 2 ¥ 
AZ =mro’ -@ rom{~) 
dt m 


= wmr(I - pv) 


(adr 2 2 os 
f|— |=mra’ -o'rpmy 


fe | : mr - py) 


dt i 
dr - BY 
¢ oy Nall pv) 
wr Nf 
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Where vis the partial specific volume, %, is the sedimentation veloc; 
, p dl locity, 


www.pdfgrip.com 
% a\ 


dry, 
dt . j 
= is the sedimentation 


Left hand side is replaced by S because the term ale 


coefficient (S). Na is Avogadro's number. 


(13.106) 


According to Stoke’s law frictional coefficient of a spherical particle is 


f = 6anr, 
By putting value of f in equation (13.106), we get 


ot = SNa(6r0") (13.107) 
l-pv 
According to Stoke’s Einstein equation, we know. 
na bl 
677°, 
kT 
6anr = 
mY, D 


Where, ks is the Boltzmann constant, D is the diffusion coefficient and T is 


the absolute temperature. 
By putting value of 677r, in equation (13.107), we get 
_ SN, KT 
D{ ]- pv) 
SRT 
D{ |- pv) 
In the above equation, unknown quantities are V, D and S. ‘vand D can be 


measured by some separate experiments. The sedimentation coefficient can be 


determined by the following ways. 


M 


M= 
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l 
St =—-(Inr —Inw) (13.108) 
Hl) 
St=—— 
o° 


By rearranging equation (13.108), we get 


, 
Sta” =|Inr-Inn 


Inr = Sto’ +Inn, (13.109) 
in intercept form as shown 


tion (13.109) is an equation of straight line 
determined the value of 


Equa 
in Fig. 13.15 with slope Sw’. From the slope we can 


sedimentation coefficient. 


Slope=Su* 
tar lope=SH 


Fig. 13.15 Plot of Inr versu:. t 
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13.8.3 Osmometry — 
Vapour phase and membrane osmometry are two principal types of osmometry 


used so far to measure number average molecular weight. 


(i) Vapour Phase Osmometry 
Principle 

Addition of solute molecules decreases the vapour pressure of a liquid. 
Decrease in vapour pressure depends upon number of solute molecules. 
Construction and Working 


Vapour phase osmometer is shown in Fig. 13.16. Two thermistors are 
connected to a Wheatstone bridge. Solvent drops were placed in vicinity of hoth 
thermistors by using syringes. As both wires are in proximity of same medium as 
rate of evaporation is same at both wires. so no temperature difference is sensed 
between both wires and a balance point is established. Now place drop of solution at 
one thermistor and drop of solvent at the other. Now thermistors detect 4 
temperature difference as rate of evaporation at both ends is unequal. This 
temperature difference is recorded in terms of potential difference by Wheatstone 


bridge. 
Calculation of Molecular Weight 
Output voltage AV is related to molecular weight M by following equation 


AV K pe (13.110) 
C Ma 


K is a calibration constant. Firstly value of K is determined by using polymer 
of low and known molecular mass having less polydispersity. Then that value of K is 
used to determine molecular mass. Voltage difference is mieasured for solutions of 
different concentrations, then AV/C is plotted against concentration as shown in Fig. 


13.16. Value of slope is equal to KB, while value of intercept is equal to K/M,. K is 
known already by calibration. thus M, is determined. 


Solution 


Solvent 


Cc 
Fig. 13.16 Working of vapour phase osmometry Fig. 13.17 Plot of AV/C versus C 
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3 s: Quick determination of 

yanta P of molecular mass alon with use of small 
one t of polymer is two advantages of this method. , 


} a 


icf yantage 
Dv cessfully measul 
u 


s: Only low molecular weight possessing polymers (~30,000) can ties 


‘ed by it. 


olute molecules. 


ce Membrane Osmometry 
ules and related 


(ii) 
yinciP e: Osmotic pressure of solvent decreases by addit 
"e jn osmotic pressure depends upon number of solut 


ion of Ss 
e molec 


ecrea? 
: molar mass of polymer. 
| qgypes Static. dynamic and high speed membrane osmometers are three kinds of 
| mbrane osmometers which are normally use. 
both chambers are 


me 
cted to smal 
gin solvent. 


o other. So 
Fig. 13.18 (a). Later 


Membrane Osmometer: In this osmometer, 
d by a membrane and they are individually conne 


hown in Fig. 13.18. Initially both chambers cont 
from one chamber ¢ 


Static 
0) separate 


capillaries as $ 
thus there is no net movement of molecules 


| level of liquid in both capillaries is same as shown in 

solution is placed in one chamber while other contains solvent. Now chemical 
and osmotic potential of both chambers becomes unequal as show? in Fig. 
13.18 (b). Now, solvent molecules move from chamber of low osmotic potential 
towards chamber of higher osmotic potential via semipermeable membrane 
until equilibrium gets establish. As 4 result. level of liquid in capillary 
attached to chamber containing solvent becomes low and vice versa for other 
chamber. Difference in height of liquid in capillary helps to determine 
osmotic pressure, in return molecular weight also. 


| 
| 


(a) 


Solution 


Solvent 


(a) when both chambers have 
t while other has solution. 


erfectly ideal to 
flow of solvent 


embrane osmometers 
e chamber has solven 

no membrane is p 
Jecules and permit 


Fig. 13.18 Functioning of m 
solvent, and (b) when on 


Disadvantages: Time 
completely prevent flow 
molecules. 

(II) Dynamic Membrane Osmometer: 


towards chamber of solution is stopped by ap 
pressure on solution. Thus osmotic pressure is measure 


much pressure has applied to stop flow of solvent molecules. 


consuming and 
of solute mo 


Here motion of solvent molecules 


plying equal and opposite 
d in terms that how 


Scanned with CamScanner 


| 


| 


www.pdfgrip.com 


954 Modern Physical Chemist 


Advantages: Equilibrium is established soon between both chambers, go it is 
time saving. 


(III) High Speed Membrane Osmometers: Here an optical system is used to 
monitor flow of solvent molecules through membrane. As soon as solvent 
molecules starts penetrate into membrane, optical system automatically 
adjusts pressure by a electro-mechanical device to such level so that no 
solvent molecules will move. 


Advantages: Migration of very small polymer molecules across membrane ig 
perverted, so errors occur in static method do not happen here. 


Calculation of Molecular Weight 
Van't Hoff law provides basis of osmometry. For osmotic pressure n, we have 
following relation 


n ; 
@ = RI(A, +A,C+A,C’ +A,C°....) 


Ai, Av, Az and Aj are virial coefficients, C is concentration of polymer, R is 
general gas constant while T is temperature. Ai equal to 1/Mn, so above equation 


will be 
ul 


== an{ 2+ A,C+A,C° +AC..] 


n 


For very dilute solutions, above equation will be 


(13.111) 


Fig. 13.19 Plot of n/RTC versus C 
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Following results are drawn from equation (13.111) 


Equation (13.98) is a linear equation 


Plot of n/RTC M 
versus C gives an intercept equal to 1/M» and slope equal to Az 


(Fig. 13.18). Thus inverse of intercept. gives value of Mn. 


High value of slope 


Value of Az i 
2 is measure of polymer-solvent interactions. 
nsidered of 


indicates good polymer- 
good quality. polymer-solvent interactions, so that solvent is co 
nt-polymer interactions. 


Low value of slope gives an indication of poor solve 
vent 


If value of slope is zero, then graph will be parallel to x-axis, and that so} 


is considered very poor and called theta solvent. 
ae is how molecular weight is determined by osmometry. 
13.8.4 Light Scattering Measurements . 
. If a beam of light is passed through a colloidal solution, it is possible to see 
the light beam from sides. This is the well known Tyndall effect which results from 
directions. 


the <a ering e a part of the beam of light by the colloidal particles in all 
This principle 1s used here to determine the weight average molecular weight 0 


polymers. 
Light Scattering Measurements fro 


m Particles with Diameter Less 


(a) 
than 1/20 
In the case of macromolecules, the colloidal particles are highly solvated and 
gel particles consist of about 90 to 99% of the solvent. The refractive index of each 
different from that of solvent. 


colloidal particle is not very 


o P. Debye the following power function applies in such cases 


According t 
3 
deci 32n Efo( nia | (13.112) 
3\'N, \ de (de 


urbidity, At represents the excess turbidity of the solution 
over that of the pure solvent, A is the wavelength of light and n is the refractive 


index. In the absence of absorption, t is related to the primary beam intensity before 
and after it passes through the scattering m 


edium. If the incident intensity To is 
reduced to I ina length ¢ of sample, then 


Where t is the t 


It 

FS ss as 

i, 
total scattering integral over all angles, is often 
[Rig) = Rig ~ Riajeoivent 


m intensity. For partic 


The turbidity which is the 
referred by the Rayleigh ratio he 


intensity at angle 6 to the incident bea 
the Debye equation is obtained as 


les small compared to A, 


Ke He_ 1 
He =} GACH (13.113) 
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Here K is scattering constant and H is Debye factored. Both are relateg by 
following equation 


K = 7 45 
160 
ee 2 
and K=20 [=] 
N,A’ \ de 


H- 32r'°n? (a2) 
3N,\' (de 


Equation (13.113) forms the basis of determination of polymer molecular 
weight by light scattering. Beyond the measurement of t orR,,,, only the refractive 


index and the specific refractive index increment (dn/dc) require experimental 
determination. The latter quantity is constant for a given polymer. solvent and 
temperature, and is measured with an interferometer or differential refractometer. 


Equation (13.113) is correct only for vertically polarized incident light and for 
optically isotropic particles (in which the refractive index is same in all directions are 


said to be isotropic e.g. water, glass). The use of unpolarized light requires that 1 
multiplied by (1+cos?6), 


For system with particles size less than 4/20, any observation angle may be 
selected since the scattering function is spherically symmetrical. However for 
experimental reasons (to avoid interference of primary beam) one usually selects 
values of 0 not very different from 90°. 


In this way, through the measurements of scattered light intensity at a single 
angle, one obtains the molecular weight of particles whose size is less than 4/20. This 


is only true for glycogen, proteins and linear polymers of relatively low molecular 
weights solvated in poor solvents. 


(A)  @ 


i | Solution 


Detector 


Path 
difference P, 


Fig. 13.21 (A) Essential parts of scattering instrument and (B) scattering of light by 


different parts of large molecule 
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ight Scattering Measurements f 
rom ? ‘ 
iter than 4/20 Particles with Diameter 


fr 
t 
r 
! 


a 
@ Gret 
For polymer molecules, whose coil diameter is larger than 1/20, the scattering 


g no longer spherically symmetrical. Instead one finds a diminution in 


factor b (for a perpendicularly p 


beam dim 


the scattering 
nity of the primary beam, i.e. with 600). 
reduced to standard conditions and measured at t 


function is 
ntensi y of scattered light due to interference, which is different at different 
spservation angles. This results from the fact that for larger particles the different 
gcatterine centers Within a particle are so far from one another that the resulting | 
gcattered rays have a path difference of the order of 0 to A/20. Since the separate | 
scattering centers within a polymer molecule are activated by one and the same 
avelength of primary light, the scattered radiation resulting from the centers is 
coherent, and therefore capable of interference. The degree of diminution resulting 
from the interference depends upon the path difference which in turn depends on the 
angle 9. The scattering of light by larger particles 1s shown in Fig. 13.21 (b). 
therefore the intensity of scattered light differs depending on the observation angle 
9, The larger is angle 0. the greater is the reduction in scattering intensity R,,,- The 
Vv which the scattering intensity Ry) olarized incident 
inished by interference) is diminished by interference at an angle 8 is called 
Pras [where Ry, equals the scattered light in the immediate 
Therefore, for the scat 
he angle 9, one c 


function 
vicl tering intensity 
Ryo) an write 

Rig) = Rio Fe 
For larger molecules, scattering factor must be introduced into Debye 


equation (13.113) | 
(13.114) 


s, so the scattering 


m in solution 
d the 


yudent in coil for 
gle 0, the wavelength A an 


As the macromolecules are Pp 
the scattering an 


factor Px, would be dependent upon 
average coil radius 52. The following approximations has be 


l 16° le if 
—=h+ — |S sin 
Pies Bx) \2 
Here 8’ is gyration radius which is the average distance from axis of rotation 

e€ concentrated to produce the same amount of 


at which all the masses could b 
moment of inertia that the actual distribution of mass possess. 


en written by Zimm as 


—9 4n . ) 
s° =—sIn> 
4 2 
Substituting the value of 1/Pie) into equation (13.114), we get 


4 2), . (9 
Ke _/( 1 anor] lr 2) (13.115) 
R,,. \M ' | 3h \ 
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Equation (13.115) has two variables c and 0, thus extr one be made - 
by varying one and kept the other constant and vice versa ‘41mm plot Fig, 13.29) 
These extrapolations will help to get useful results. 


(I) In the limit of c+0, equation (13.115) becomes 


ta ; 2 
Ke -(z| 1+ or Jersin(3)] 
Re )..¢ \M 3A 2 


The plot of Ke/R,,) at c-»0 versus sin? (0/2) would yield a straight line with 


slope and intercept as 


1 (16n? \_ > 
Slope = aor | 


1 
Intercept = — 
aay, 


Reciprocal of intercept gives value of molecular weight of polymer. 


On dividing the slope with intercept, we get 
2 
Slope ah on Jean 
Intercept ).,, M\ 3X 
- Slope 3X 
=) ——— | -——— 
Intercept )._,, 16n 
In this way ratio of slope to intercept when c—0 gives value of gyration 
radius of polymer coil. 


(I)  Zimm plot (Fig 13.22) is the representation of light scattering data which can 
be used to conduct the following extrapolations of equation (13.115) on a single 


graph. In Zimm plot Ke/ Rw is plotted against sin? (8/2) +kc, k is a constant which is 
chosen to give a good display to graph. 


In the limit c>0 and 60°, then equation (13.115) becomes 


| =. (] 13.116 
Rig) c-+0,0-+0" M an 


In the limit c0 , then equation (13.115) becomes 


Ke ( l 16n° 0 , ; 
pm |- =a l+] ——I8" sin?! 2 
ts 1 M [ise } as (3) (13.117) 
In the limit 6-0" , then equation (13.115) becomes 


Ke) 1, 
Rutje Moo (13.118) 


(8) 
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Value of M, Az and 3?can be obtained from extrapolated data of equation 


118). 


sin? (6/2)+ke © 


Fig. 13.22 Zimm plot in which Ke/R,,, is plotted versus sin’ (6/2) +ke 


Table 13.1 Applicable weight range and average molecular weights 
determined from different methods 


Applicable weight range 
End group analysis upto 20,000 


etermination method is analytical method. 
lution and gel permeation chromatography 
lytical methods, GPC is most reliable and 


Light scattering 


Sedimentation 


13.9 ANALYTICAL METHODS 


Molecular weight distribution d 
Centrifugation, turbidimetry, gradient e 
(GPC) are analytical methods. Among ana 
gives detailed and accurate analysis. 


13.9.1 Gel Permeation Chromatography 


2 Relative movement of polydisperse polymer solution is studied through 
‘ romatographic tank and analysis is done in GPC. It is the most accurate technique. 
is used for fractionating polymer samples and measurement of molecular weight of 
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every fraction. The fractionation is done with the help of a chromatographic tank 
filled with gel. And molecular weight of every fraction is determined with the help of 
refractometer connected with GPC. 


Principle and Working of GPC 


GPC is done with the help of Solvent flow 
a chromatographic tank filled with 
beads or gel as packing material. 
Then dilute solution of polymer is Sample < 
run through this tank with the help mixture 
of pure solvent. As the solvent flows 
through column then polymer . 
molecules move down and penetrate Separation 
into gel spaces according to their begins 
size. Large molecules cannot 
penetrate easily as compared to 
smaller one. So fraction of molecules Partial 
of higher weight moved down 
rapidly and collected first while 
fraction of molecules of smaller 
weights is collected later. By 
controlling crosslinking of gel, pore Complete 
size is controlled. Thus _ by separation 
controlling pore size, we can limit ——" 
size and weight of polymer collected 
in the end by GPC. From Fig 13.23 
it is clear that small molecules 
penetrate into gel beads quickly 
while large molecules straightly 
moved down due to solvent flow. 


This method can be used for Fig. 13.23 The working of a simple GPC 
variety of polymers and solvents. column 
When polystyrene gels are used, 
non-polar polymers can be analyzed using non-polar solvents like tetrahydrofuran. 
While polar gels are used for fractionation of polar polymers. 


Gel 


Column 


separation 


Determination of Molecular Weight 


refractive index does not change. Then computer plotted as spike as signal and gives 


value of molecular weight. In. this way, molecular weight of every fraction and 
number of fractions are determined. 
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en calculate molecular H 
(1664 g/mol) : 


Q.20 if od el ic of polystyrene is 16, th 
weight of poly mer, 
Ql: If degree of polymerization of ny 
weight 
If reactlv 
Qe" foed ratio 18 
d[M,]_ 2(2r +1) 


err 


as value of fi, calculate values of F; and Fi. Reme 


lon-6.6 is 402, then calculate its molecular 
(90870 g/mol) 


ity ratios of both monomers of a copolymer are equal, while their 


[MiJ]= 2 [M2], then calculate composition of copolymer. 


mber ri is 0.28 
(0.308 and 0.7) 
mber 


Q.23. Using 9.2 
oe and rz is 1.2. 
Q.24. A mixture of a polymer is given in the following table in the form of nu 

of moles and molar mass distribution. 


0.4 | 0.25 


M; (g/mol) 


Calculate the following M,. M,, and M.. 


emperature? How can you determine value of Ty of 


What is glass transition t 


Q:25. 
a polymer experimentally. 
merization for a monomer 


ation for the reaction of one 


Calculate the number average degree of poly 
hylenediamine to produce 


on of 92%and 96% using Carothers’s equ 
th one mole of hexamet 


Q.26. 
conversl 


mole of adipic acid wi 
Nylon-6, 6. 
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QUESTIONS 


Q.1. Identify synthetic and natural polymers from following list. 
(a) Cellulose, (b) Orlon, (¢) Polystyrene, (d) Starch, (e) Deoxyribonucleic agig 
(f) Hemicellulose, (g) Polyaniline, (h) Polyvinyl chloride. (Natural: a, d, e and. 
f, and synthetic: b, c, g, and h) 

Q.2. Explain difference in structure of alternate, block, graft and random 
copolymers. 

Q.3. Using diphenyl] picryl hydrazyl as a free-radical initiator, write scheme of 
polymerization of propylene and iso-butylene. 

Q.4. Suggest conditions under which copolymerization process is random, 
alternate and ideal. . 

Q.5. Explain why number average molecular weight is determined by osmometry, 
why not mass average? 

Q.6. Suggest a method which gives detailed molecular weight distribution of g 
polydisperse sample without its fractionation. . 

Q.7. How does structure of a homopolymer is different from copolymer, explain 
under perspective of polymer of sulphur and nylon-6,6. 

Q.8. What is the significance of molecular mass distribution in polymers? Discusg 
the different types of averages with respect to molecular mass distribution. 
Write a detailed account of viscometry in polymer characterization. 


Q.9. Write a brief note on copolymerization. 


Q.10. What are copolymers and why they are synthesize. Discuss kinetics of 
copolymerization. How do monomer reactivity ratios affect properties of 
copolymer. ; 

Q.11. Write a brief note on molecular mass distribution. 

Q.12. Write a brief account of different types of polymerizations. 

Q.13. Give a mechanism of thermally catalyzed polymerizations and derive kinetic 
expression for it. . 

Q.14. What are addition polymers. What are different types of addition 
polymerizations. Derive kinetic expression for free radical chain 


polymerization. 
Q.15. Explain condensation polymerization 
Q.16. Describe method for determination of molar mass by osmometry 
Q.17. Explain difference between condensation and addition polymerization with 
examples. 
Q.18. Give detailed classification of polymers. 
Q.19. — A and B of a polymer is polydisperse. 5, 3 and 2 chains of sample A 
ave weight 9,000, 13,000 and 1,000 gmol-! respectively. 6, 1 and 4 chains of 
sample B have Weight 4,500, 1,000 and 15,000 g/mol respectively. Calculate 
ny Mn and M. of both samples, Compare values of Ma, Mm and M. of 
sample A with that of sample B. (Sample A: 8.6 x 103. 10.627 x 10% and 
L. AG ; 


11.201 x 103 g/mol, and Sample B: 0° 
g/mole) ple B: 8 x 103, 11.619 x 103 and 13.73 * ! 


Scanned with CamScanner 


www.pdigrip.com 


Appendix A 


s] UNITS AND CONVERSION FACTORS 


Units form an integral part of any measurement. The numerical values of 
imental investigation 


perties of substances obtained as a result of exper! 
ssed in different units. Chemists have traditionally used the metric 
system in all the measurements. It is simple and scientific. In this system all larger 
and gmaller version of each basic unit could be obtained by multiplying or dividing 
the unit by 10. It is a decimal system or a base-10 system. In October 1960, the 
General Conference on Weights and Measures made an extensive revision of the 
metric system and adopted a new system of units called “Le Systeme International 
d'Unit (International System of Units)” to report scientific facts. Its purpose is to 
pring uniformity of style and terminology in communicating measurements. 

The SI units are based on the seven base units given in Table A-1. Besides 
units, the principal derived units used in chemistry are given in Table A-2. 


gives the prefixes for fractions. 
Table A-1. Base Units 


different Pro 
be expre 


the base 
Table A-3 


The metre is the length of path travelled by 


Length metre M 
light in vacuum during a time interval of 
1 
399,792,458 of a second. 
Mass kilogram Kg The mass of the international prototype of 
| the kilogram, a piece of platinum iridium 


alloy kept in Severes France. - 


Time second S It is equal to the duration of 919263177 0 
cycles of the radiation associated with a 
specific transition of cesium-133 atom. 


Electric ampere A The current that produces a force of 2 x 107 
current . Nim"! of length between two infinitely long, 
negligibly thick parallel conductors 1 metre 


apart in a vacuum. 


Temperature ' 
p re | kelvin K | rhe fraction pais of the thermodynamic 


temperature of the triple point of water. 
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Sl 


aussi | of mole The amount of substances of a system 

substance containing as many specified elementary 
entities (atoms, molecules, ions, etc.) as there 
are atoms in 0.012 kg of carbon-12. 

Luminous candela The perpendicular luminous intensity of a 

intensit 1 , . 

: surface of 659000 m2 of a black body at the 

freezing point of platinum under a pressure 
of 101325 Nm~. 


Table A-2. Derived Units 


Force 


Newton 


Energy, work, 
quantity of heat 


Joule’ Nm (= kg m? s*2) 


Js"! 
N m2 
As 


sl 


Power Watt 


Pascal 


Pressure 


Electric charge coulomb 


Frequency Hertz 


Electrical poteritial 
difference 


Volt 


J A“! 1 (= JC-1) 


Ohm 
Siemen 


Farad 


Resistance VA" 
Q-l 


AsV" (=CN) 


Conductance 


Capacitance 


Fraction Prefix Symbol Fraction Prefix Symbol 
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bop a7 eS 


USEFUL CONVERSION FACTORS 
1 angstrom (A) = 10-8 cm = 0,1 nm = 107 m 
1 atm = 760 mm Hg = 760 torr = 1.01325 x 108 dyn cm™ = 101,325 N m™ 
1 bar = 10° dyn cm~ = 0.987 atm = 100,007.8 Nm= = 10% Nm”? | 
1 cal = 4.184 J = 4.184 x 107 ergs 
1 coulomb = 2.9979 x 109 esu 
1dyn=10°N 
1 erg = 2.39 x 10°8 cal = 10°71 ! 


1 eV = 23.06 k cal mol" = 1.602 x 10” erg = 1.602 x 10 J 

1 F = 96,487 coulomb equiv! 

1 R= 8.314 J K? mol = 1.987 cal! K™ mol"! = 0.08205 litre atm K"! mol? 

1 esu = 3.334 x 10-19 C 

1 cm! (wave number) = 1.986 x 10°23, J 

1 litre = 10° m® 

1 inch = 0.0254 m = 2.54 cm 

1 mile = 1609 m | 
1 foot = 0.3084 m . 
1 poise = 10? kgm!s? 

1 dyn cm™ = 103Nm! 
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Appendix B 
SI VALUES OF SOME FUNDAMENTAL 
CONSTANTS 


Avogadro's number (Na) 6.0225 x 105 
Boltzmann’s constant (k) 1.3805 x 107'6 erg K" 


6.0225 x 1023 
1.3805 x 10-3 J K" 


Electron charge (e) 4.803 x 107!° esu 1.602 x 10°19 C 
Electron mass (me) 9.1096 x 10°%8 g 9.1096 x 10°31 kg 
Faraday constant (F) 96,487 coulombs g equiv! | 96,487 C mol"! 
Gas constant (R) 8.314 x 107 ergs K-! mol™!_ | 8.314 J K" mol"! 


6.6256 x 10°%4J5 
1.6725 x 10°77 kg 
1.09737 x 107 m“™ 
2.99795 x 108 m sg“! 


Planck’s constant (h) 
Proton mass (mp) 

Rydberg constant (Ru) 
Speed of light in vacuum (c) 


6.6256 x 10°’ ergs 
1.6725 x 10°24 g 
1.09737 cm"! 
2.99795 x 10!°cm s7! 


Appendix C 
GREEK ALPHABETS 


Alpha 


© 


Gamma 
Delta . 
Epsilon 
Theta 

Zeta 


bo 
S 


Kappa 
Lambda 


= 
= 


° 


Rho 


a) 
me 


Omega 


@ 
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Appendix D 


MATHEMATICAL FORMULAE 
, 


ponents and Powers 


Ex 
* 1=10° 
« 0.1=10" 
* 1000 = 10° 


* aa=l 


Logarithem . | 
* logxy = logx + logy | 


x log = logx- logy 


x loga® = x loga 


nl 
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Equations \ 


(i) Linear equations 
[[ eawation [ty 
y= mx Straight line passing 
through origin 
y= nx Straight line passing 
through origin 
ee Straight line with 
intercept form 
FRomKd se Straight line with 
intercept form 


‘(ii) Quadratic Equation * 


y =ax’+bx+e 
To find value of x, x 


and x #0 


(iii) Differentiation 


dx 
* 4s on e* 
dx 
¢ d . 
—sinx = cosx 
dx 


(iv) Integration 


elt**b) 


* fel™dx m 


a 
* i) cosxdx = sinx 
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Books on 
TEST YOUR CHEMISTRY 
By. 

Prof. Dr. Haq Nawaz Bhatti 
This book is written for undergraduates and postgraduate students of chemistry and allied 
fields with the intention that they could show better performance during va 
examinations and interview held for academic purposes. The information has | 
categorized under several headings. This is a question-answer type book and covers all 
fundamentals as well as postgraduate level queries, probes and questions. “= 


PRINCIPLES.OF PHYSICAL CHEMISTRY 

Prof. Dr. Haq Nawaz Bhatti 
This book on Physical Chemistry is written for B.Sc (Pass) and BS students for all 
Universities of Pakistan according to revised curriculum developed by Higher Education 
Commission, of Pakistan. The book has been written in a clear and lucid language. The 
book contains considerable number of worked out examples exposing the students to 
practical applications of equations and helping them comprehend the magnitude of 
different physiochemical quantities. 


MODERN INORGANIC CHEMISTRY 


By 
‘aq Nawaz Bhatti 
This book on Inorganic Chien: ‘tten for B.Sc (Pass) and BS students according 
to revised curriculum developeu sher Education Commission, of Pakistan. Simple 


and lucid language has been used to express the subject matter. The book is presented 
beautifully in different chapters for convenience of the readers. The book is quite up to 


the mark with the latest approach and true to the standard of vatious examinations 
. 


| 


ORGANIC CHEMISTRY 


f *» By 

Bee: SN K M Ibne Rasa, Abdur Rahman 
This book on Organic Chemistry is written for B.Sc (Pass) and BS students according to 
revised curriculur;: developed by Higher Education Commission, of Pakistan. Simple ane 
lucid language has been used to express the subject matter. The book is presented 
beautifully in different chapters for convenience of the readers. A study of this book wil) 

help the students not only to understand to material presented but will develop their abilit 

_ to reason and to think. 
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